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Lunar Silane Impact Upon

Lunar Oxygen Pro.:,_ction Logistics

Abstract:

A study was accomplished on the impact of producing and

utilizing silane (Sill 4) on the Moon as a rocket fuel for a

lunar module rather than using Earth-supplied hydrogen. Several

chemical reactions were identified which are potentially useful

for this work. Although only 1/8 of the silane mass is Earth-

supplied hydrogen, the limitations of rocket engine design ap-

pear to dissipate most of the potential benefits of silane as

a lunar module fuel. A "scenario analysis" was completed on

a Lunar Surface Base to Lunar Orbit Space Station mission series

and the silane fuel rocket was found to produce a 10 fold

gain in mass in lunar orbit over that supplied to the surface

from lunar orbit. The previous H2/O 2 lunar module scenario

produced a 9.75 gain. The two approaches are thus nearly

equivalent within the limitations of this study. Multi-stage

lunar modules and more work upon rocket engine parameters and

stage mass may improve this assessment.

Although no major gains were found by the use of silane,

equivalent performance to a hydrogen fueled rocket is con-

sidered to be of value since silane may be less vulnerable

to venting and transfer losses then hydrogen and appears to

offer a useful alternative if needed.
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Introduction:

An earlier study of the use of liquid oxygen produced on

the Moon from the lunar regolith material (ref. i) indicated a

moderately favorable "mass payback ratio" of 2.35. This figure

of merit indicated that for each unit mass of liquid hydrogen

transported from a space station in Low Earth Orbit, 2.35 units

of lunar-produced liquid oxygen were accrued at the same loca-

tion. Since this analysis treated only the "steady state"

situation where all necessary plant equipment and supplies were

in place at the beginning of the "scenario analysis", conven-

tional H2/O 2 propulsion may prove inadequate to economically

utilize the potential of lunar-produced oxygen. Several pre-

vious studies (refs. 2, 3, and 4) have addressed the topic

using solar electric powered "mass drivers" to transport the

unrefined lunar material into orbit for processing. Since no

propellants are expended by the "mass driver", much more at-

tractive "mass payback ratios" were predicted than were found

using a H2/O 2 lunar module.

Dr. David Criswell of the University of California, San

Diego has suggested (ref. 5) that silane (SiH 4) produced on the

Moon (from hydrogen brought from Earth and silicon derived from

the lunar material) may offer a more effective rocket fuel for

a chemical propulsion "lunar module" than hydrogen alone. The

fundamental principal is that the lunar-supplied silicon con-

stitutes 7/8 of the silane mass, effectively "stretching" the

precious hydrogen which must be transported from the surface of

the Earth.
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The purpose of this paper is to address the use of silane

in a lunar module and to repeat the vehicle performance synthe-

sis and "scenario analysis" of reference 1 to determine the

effects of this fuel substitution. The first step taken was to

determine the suitability and expected feasible operating para-

meters of a rocket propulsion system based upon the propellant

combination silane and liquid hydrogen. This work was accomp-

lished by In-Space Propulsion Limited of Sacramento, California.

Next, six lunar module mission types were simulated to obtain

the payload delivered and propellants consumed in the several

possible operational modes. Finally, a series of missions were

"flown" and the resultant change of initial "stores" at a Lunar

Orbit Space Station (LOSS) and Lunar Surface Base (LSB)

computed.
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Propulsion System Considerations:

Appendix B is a preliminary treatment of the use of the

propellant combination silane/oxygen in a rocket propulsion

system. No known engine has yet been built for these propel-

lants nor have earlier works been found giving definitive

analytical results of their consideration. The preliminary

assessment of In-Space Propulsion Limited reported in Appendix

B indicates that a pressure-fed, low chamber pressure engine

using silane/oxygen is probably feasible. Reasons for not

making a like judgement for the much more attractive, but more

complex pump-fed engine may be found in Appendix B.

Propellant chemistry dictates a much lower oxidizer to

fuel (O/F) mass ratio for silane/oxygen than for hydrogen/

oxygen: 1.65:1 vs. 7:1. This is unfortunate, as the motiva-

tion for the use of silane is to reduce the use of hydrogen for

propulsion and a much higher O/F ratio would be preferred. The

maximum possible gain is therefore reduced to 1.89X even though

silane is 7/8 silicon, available from lunar materials.

The second rocket propulsion system "figure of merit"

addressed in Appendix B was "specific impulse", the ratio of

thrust produced to propellant mass flow rate. Although de-

tailed combustion kinetic analyses are required to predict

precisely the performance of a rocket propellant pair,

similarity of silanes to their carbon-bearing relatives in-

dicates that a specific impulse of about 345 ibf.sec./ibm.

may be expected to be delivered by a low chamber pressure
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silane-fueled engine. The present Space Shuttle Main Engine

(SSME) delivers a specific impulse above 450 sec. and the

advanced expander cycle engine studied by Aerojet, Rocketdyne

and Pratt & Whitney indicates that a specific impulse of about

480 sec. can be achieved for this new design engine by the use

of a very high expansion ratio nozzle. Again, the predicted

performance of the silane engine suffers when compared to one

using hydrogen fuel, further reducing the potential gain from

the use of silane.

The influence of the conclusion that a silane-fueled

engine must be pressure-fed extends to the inert mass of the

propellant tanks, pressurization system, propellant feed

lines and valves. As compared to a pump-fed system as is

used for hydrogen/oxygen, the pressure-fed system is much

heavier, degrading the potential performance of the rocket

vehicle.
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Preliminar[ Comparative Analysis:

To obtain a "feel" for the relative influence of the fac-

tors discussed above, a few manual calculations were performed.

A stage inert mass scaling law based on our experience was

assumed for the two forms of rocket propulsion systems:

Silane Stage Inert Mass:

Ws = stage inert mass, Kg.

Wp = propellant capacity

Wlndg. = maximum mass at lunar touchdown

Ws = 1250 + 0.15 Wp + 0.02 Wlndg.,

Hydrogen Stage Inert Mass:

Ws = i000 + 0.055 Wp + 0.02 Wlndg. (per ref. i)

Although computer simulation of vehicle flight performance is

necessary to account for such factors as reaction control

system (RCS) propellant consumption, payload fluid container

mass, etc., the "ideal rocket equation" simplified stage

performance analysis can reveal trends. Consider the mission

of ascending from the lunar surface to a lunar orbit space sta-

tion to deliver a maximum payload of lunar-produced oxygen.

The ideal rocket equation:

_V
m.

(g-gy)
_ _ e

mf
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m i = initial mass on lunar surface

mf = final mass in lunar orbit

e - natural logarithm base

_V = velocity increment

I = delivered specific impulse

go = universal gravitational constant

For both vehicles, a velocity increment of about 1906 m/sec, is

required to ascend from the lunar surface and effect a rendez-

vous with the Lunar Orbit Space Station. Both the hydrogen and

silane stages are assumed to have a maximum propellant capacity

of 28.5 tons. With the delivered specific impulse and stage

inert mass scaling described above, the O2/H 2 vehicle delfvers

to lunar orbit a payload of 53.4 tons and the silane vehicle

delivers a payload 31.3 tons.

The hydrogen fuel must be delivered to the Lunar Surface

Base from the surface of the Earth. About 3.6 tons of hydro-

gen fuel is required per ascent mission of the H2/O 2 lunar

module, disregarding transfer losses and boil-off. Therefore,

one ton of hydrogen will deliver about 15 tons (53.4/3.6) of

liquid oxygen payload from the lunar surface to lunar orbit.

The silane vehicle, operating at a much lower O/F ratio,

requires about 10.8 tons of fuel per mission. Due to the

lunar derivation of the silicon component of the silane, only

1.34 tons of hydrogen are used per mission (disregarding

possible process losses as well as transfer and venting loses.)

Thus, one ton of hydrogen used in a silane fuel stage will place
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about 23.4 tons (31.3/1.34) of payload into lunar orbit - a

56% improvement.

Since the source of silane is the lunar surface, the ve-

hicle using this fuel must reserve sufficient propellant for

a subsequent descent mission to prepare for the next ascent

flight. A somewhat larger velocity increment is requied for

descent (2100 m/sec.) than is necessary for ascent (1906 m/

sec.) to permit hovering flight and a soft lunar touchdown.

Since only the empty stage and an empty oxygen payload tank

must be returned to the lunar surface for most missions, 5.5

tons of propellant (19% of capacity) must be reserved for

descent flight.

The vehicle can thus utilize 23 tons of propellant of the

28.5 ton tank capacity for ascent flight, producing a "payload"

of 23.9 tons, 5.5 tons of which is the propellant remaining in

the vehicle tanks which must be reserved for descent. 18.4

tons of true payload are thus delivered for the expenditure of

a full propellant load acquired on the lunar surface. This

results in the delivery of 13.7 tons of oxygen (and tank) to

lunar orbit for each ton of lunar surface hydrogen consumed -

about 8% less than the hydrogen fuel vehicle can deliver.

This preliminary analysis indicates that the use of

silane as fuel for the propulsion system of a lunar module

may result in a decrease of payload delivered to lunar orbit

per unit mass of hydrogen supplied to the lunar surface from

Earth as compared to utilizing the hydrogen directly as fuel.
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The added complexity and mass of the lunar base chemical pro-

cessing plant to produce silane as well as liquid oxygen can be

expected to detract further from the appeal of this concept,

even though most (87.5%) of the fuel mass is derived from

lunar material. Should pump-fed, high chamber pressure,

high O/F ratio silane/oxygen engines be later shown to be

feasible, this conclusion may be invalidated.

It should also be noted that the conclusion is based

upon a single mode, single stage vehicle flown on missions

similar to those of the Apollo program. Many other systems

possibilities are potentially attractive and some of these

may show that the inherent fuel mass benefits of silane

produced on the Moon may be realized in mission operations.
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Production of Silane from Lunar Materials

Section III of Appendix B and all of Appendix C are

assessments of the potential of producing silane from lunar

materials. These were done by two individuals, operating

independently. Both concluded that there are available

chemical reactions which could be utilized for this purpose

without indications of large process loss of hydrogen.

As both of these assessments were done under very

severe time constraints, more study is indicated to narrow

the candidate processes and to develop a step-wise research

project plan for exploring their actual potentials using

available engineering material and catalysts.

Of particular interest is the discussion of the carbo-

thermal process for production of 02 and of the potential for

an integrated O2/SiH 4 production plant. This discussion

begins on page 38 of Appendix B.
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Scenario Analysis:

Appendix A presents the result of computer simulation

of a silane fuel lunar module performing various potential

missions and of a "mission scenario" illustrating the results

at the LOSS and LSB of flying a series of missions. The

various missions are identified in Apppendix A by a code

number.

For example, Mission 4310 is a descent mission which

delivers a maximum payload of liquid hydrogen from the LOSS

to LSB. 22.46 tons of liquid hydrogen in a 3.96 ton con-

tianer are delivered to the lunar surface at a cost of 11.12

tons of silane, 18.35 tons of liquid oxygen and 0.38 tons of

RCS propellants drawn from the LOSS. This quantity of hydro-

gen, used as feed stock for the LSB chemical processing plant,

produces, at 100% yield, almost 180 tons of silane rocket

fuel, sufficient to fully load the lunar module for the next

16 ascent flights carrying lunar-produced liquid oxygen to the

LOSS for trans-shipment to Low Earth orbit via the aerobraking

lunar ferry vehicle.

The mission of the lunar surface/lunar module activity is

fulfilled by the Mission 4412/4312 pair. Mission 4312 returns

the lunar module and an empty payload oxygen container of 0.64

tons mass from the LOSS to the LSB. 5.99 tons of propellant

are required to be residual in the vehicle at departure from

the LOSS, along with 0.12 tons of RCS propellants obtained from

LOSS since these propellants originate from Earth, to accomplish
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this descent mission. The ascent mission, Mission 4412, con-

sumes 22.51 tons of propellant and 0.42 tons of RCS propellants

(from LSB stores) to deliver the oxygen container and 17.73

tons of liquid oxygen to the LOSS. For bookkeeping purposes,

the entire main propulsion system propellant load of 29.5 tons

is charged to the ascent mission, as both the 18.36 tons of

oxygen and 11.12 tons of silane are produced on the Moon and

placed in the LSB stores.

As lunar operations proceed, the ascent mission may be

utilized to deliver silane from the LSB to the LOSS, permitting

each ascent mission to consume a full propellant load of 28.5

tons since the lunar module can now be refueled at the LOSS.

Mission 4410 delivers 31.08 tons of liquid oxygen or silane

payload contained in a 1.13 ton vessel. In addition to the

28.5 tons of main engine propellant, this mission consumes

0.38 tons of RCS propellants from the LSB stores. If Mission

4410 is used to deliver silane, a single flight provides suf-

ficient rocket fuel to supply 13 descent flights. In this

mode, the oxygen required for descent flight is drawn from

the LOSS stores, diminishing the payload just delivered.

-12-



Lunar Module Operations Scenario Analysis:

For simplicity, the operational scenario considered only

the first cycle of lunar module operations and did not address

the lunar ferry operations, since the groundrule of this par-

ticular study was that the ferry would continue to use hydro-

gen fuel as was the case in the earlier all H2/O 2 scenario

reported in Reference i.

Initial stores at the LOSS totalled 58.3 tons, including

11.12 tons of silane brought from Earth to provide for the

first descent mission. This first mission (Mission 4310)

delivered a full load of hydrogen which was assumed to be

immediately converted into silane by combining it with lunar-

derived silicon.

Initial stores at the LSB were found to total 585.49 tons,

577.37 tons of LO 2, two flight weight payload oxygen vessels

and 6.84 tons of RCS propellants, placed on the lunar surface

at the time the plant facilities were established. In actu-

ality, the oxygen would be produced while the lunar operations

were proceeding, but this simplifying assumption that all

oxygen was on hand at mission initiation does not effect the

result.

At the conclusions of 16 round trip missions (Missions

4412-4312), the LSB stores were diminished to 6.29 tons, con-

sisting of empty 02 and H 2 tanks and 1.69 tons of unused

silane (about 15% of that required for one flight). The

LOSS stores mass at the end of the 16 missions included 283.68
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tons of liquid oxygen, available for refueling the lunar ferry

and to provide its payload destined for Low Earth Orbit Space

Station.

The "figure of merit" for this scenario, the ratio of

LOSS gains to losses, was 10.04 not considering the initial

flight load of silane and 7.07 if that mass is considered.

For the mature operation, the influence of this initial silane

would be diminished and the LOSS mass ratio would approach i0.

Since the same "figure of merit" at the LOSS for the

H2/O 2 vehicle of Reference 1 eas 9.75, the two lunar modules

perform in essentially an equivalent manner. This indicates

that the use of silane produces no significant gains over the

use of hydrogen as fuel, within the limits of this particular

set of vehicle and scenario assumptions. This result is some-

what improved over the preliminary corporation analysis. Of

perhaps equal importance, the use of silane did not prove to

be markedly inferior to the use of the much higher performance

(O/F ratio and Isp) H2/O 2 rocket, in spite of the much

heavier vehicle mass assumed to be a consequence of the pres-

sure-fed engine constraint. For this reason, the Silane op-

tion is considered to be a useful means of insuring against

degradation of the Reference 1 approach as the impact of

venting and transfer losses and other potential detrimental

factors become known. The higher boiling temperature of

silane and its high density, as compared to liquid hydrogen,

should render the silane approach more forgiving of the

penalties which more detailed analyses may identify. A

return to the two stage vehicle concept as used in the

-14-



Apollo lunar module, rather than the single stage vehicle

assumed in this analysis and that of Reference i, may permit a

silane fueled first stage to operate from the Moon in a

sub-orbital mode, relieving the early boost phase burdens from

a hydrogen fuel second stage and reducing the penalties of

returning an empty vehicle to the LSB. This mission mode

is schematically illustrated by Figure I.

A more detailed look is needed at the upper bounds of

permissible O/F ratio, chamber pressure (the compactness of the

engine), and expansion ratio (for maximum Isp in the vacuum in

the lunar vicinity) of a silane/ oxygen rocket engine. Perhaps

equally important, innovative means need to be devised for

acquiring the benefits to the propellant storage and supply

systems mass of the pump-fed engine. To do this the apparent

barriers to using conventional pumps brought about by the

nature of silane and its combustion products must be overcome.
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Postscript

As an added piece of information, two additional silane

lunar module missions were synthesized using a more optimistic

stage mass scaling law (10% proportionately factor of inert-

ness to propellant capacity rather than 15%) and a higher de-

livered specific impulse (350 sec. rather than 345 sec.).

Mission 4316 showed a reduction from 5.99 to 4.63 tons of

propellant required to be reserved for descent flight. This

and the assumption of improved engine and stage properties per-

mitted mission 4416 to deliver 22.95 tons of LO 2 per ascent

mission rather than the 17.73 tons of LO 2 delivered by

Mission 4412--a 29% improvement. These missions are described

in Appendix A. Due to lack of time, these more optimistic

lunar module missions were not used to rerun the "Scenario

Analys is" .
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LUNAR RESEARCH CENTER SUPPORT

OTV PERFORMANCE

Case No.

For:

Sep. Mass,#

Total Thrs

Init. T/W

Propellant:

Quantity,#

A316.00 SILANE LUNAR MODULE

CAL SPACE

22651.08 ET-ACC OTV LUNAR MODULE

)0000.00 Best Case

1.32 Uses residuals fr.4416

02/Silane @ O/F = 1.80

65000.00 ,% LAMBDA = 86.20

Oct. 8, 1983

H. P. Davis

Empty LM+ 02 tank Oel

LO S/S toLunarSurface

Pressure-fed Engines

Mass Ratio @ Isp =

350.00 MPS,RCS=.6x

AV, ft/sec

Separation from LO S/S - RCS 2.00

Descent Orbit Injection - MPS 65.10

Powered Descent Initiation - MPS 6764.00

Attitude Control during desc.-RCS 60.00

Descent Venting Loss - MPS,(Zero) 0.00

Descent Venting Loss - P/L, Ibm 0.00

Mass Ratio

1.00

l.Ol

1.82

1.01

Venting & Transfer Loss @ Moon,lbm 0.00 (Zero)

Stage Inert Mass, Ibm. 10405.00 (Input algorithm)
' T/W lunar

Arrival Mass, ibm. (Empty LM + 02 tank) 12235.00 14.71

Arrival Payload, Ibm. 1830.00

Net Useful Payload @ LS, Ibm. 1830.00 Empty L02

Payload loaded @ LO S/S, Ibm. 1830.00 tank only

Mission Mass Time History

Arrival on Lunar Surface

Powered Descent - MPS

Attitude Control - RCS

Descent Orbit Injection - MPS

Separation from LO S/S - RCS

Departure Mass from LO S/S, ibm.

End burn Prop. Used

12235.00

12235.00

22314.65

22513.78

22644.38

22651.08

10079.65

199.14

130.59

6.71

Total MPS Propellant Consumed, Ibm

MPS Capacity, ibm

MPS Propellant Capacity not utilized

Total RCS Propellant Consumed, Ibm.

10210.24 15.71

65000.00 % full

54789.76

205.84

Lunar-Supplied Silane reqd. @ LO resid, in tnk

Lunar-Supplied L02 required @ LO resid, in tnk

Total RCS Propellant Consumed, lbm

3646.51 from prev.

6563.73 L02 deliver

205.84 mission

Notes: AV from Apollo 17 + 2% FPR

Inert Mass = 2205 +O.lOWp +2% Touchdown Wt.

Zero transfer losses

8.08_ of Lun.Orb

Departure Mass

is Useful P/L @LS



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

CaseNo. 4416.00 SILANEFUEL Oct. 8, i983
For: CAL-SPACE (reserve propellant for Descent) H.P. Davis

Sep.Mass,# 128561.94 ET-ACCOTVLUNARMODULEPayload Delivery from
Total Thrs 30000.00 Best Case LS8 to Lunar Orb. S/S
Init. T/W 1.40 (lunar) 4 Pressure Fed Engines
Propellant: 02/Silane @O/F= 1.80 MassRatio @ Isp =
Quantity,# 65000.00 % LAMBDA = 86.20 350.00 MPS,RCS=.6x

AV, ft/sec Mass

Ratio

Ascent Flight 48.5x9.1 NM - MPS 6197.00

Vernier Adjustment RCS I0.00

Attitude Control during asc.- RCS 25.00

Ascent Venting Loss - MPS,(Zero) 0.00

Ascent Venting Loss - P/L, ibm 0.00

Terminal Phase Initiation - MPS 55.00

Circularization to 59 x 59 nm -RCS 5.00

Rendevous &Oock w/ LO Spa. St.-RCS 25.00

1.73

I .00

I .OO

1.00

I .00

I .00

Venting & Transfer Loss @LOS/S,Ibm 0.00 (Assumption)

Stage Inert Mass, Ibm. i0405.00 (Input)

Arrival Mass, Ibm. (Trial Input -Iterate)

Arrival Payload, Ibm.

Net Useful Payload @ LOSS, ibm.

Payload loaded @ LS8, ibm.

73063.90

52448.66

52448.66

52448.66

Mission Mass Time History

Arrival at Lunar Orbit Space Sta.

Circularization, Rend.& Dock - RCS

Terminal Phase Initiation - MPS

Attitude Control - RCS

Vernier Adjustment - RCS

Ascent Flight MPS

Departure Mass from Lunar Surface

End burn Prop. Used

73063.90

73063.90 325.09

73388.99 359.49

73748.47 273.51

74021.99 109.69

74131.67 54430.27

128561.94

Total MPS Propellant Consumed, lbm

MPS Capacity, ibm

MPS Propellant Residual, Ibm. (Iterate to Wpd)

Total RCS Propellant Consumed, Ibm.

Lunar Surface Supplied Silane required

Lunar-Supplied L02 required @ LSB u/o P/L

Total RCS Propellant Supplied @LSB

54789.76

65000.00

10210.24

708.29

23214.29

41785.71

708.29

10210.24

target Wpd

0.00

variance

Notes: AV from Apollo 17 + 2% FPR

Does NOT Require Silane & L02 service for return

40.80 % of LS8

Departure Mass

is Useful PIL @LO



LUNARRESEARCHCENTERSUPPORT
SILANEFUELORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number: 4}16.00 Lunar Module Descent
Mission Departure from: LO SpaceStation
Mission Destination to: Lunar Surface Base
Return to Origin on this Mission? No
Mission objective: Deliver LM+ Empty 02

Tank only to lunar surface
T/Wlunar =

Best Case Oct. 8, 1983

OTVProp.Req 4.63
OTVB/O Mass 4.72
MPSEng. Isp 350.00

O/F Ratio 1.80

14.71Total Th.,kN 6.74

Mission Sequence Mass History,Tonnes

AVelocity

Maneauvers Required, meters/sec.

MPS OMS RCS

I. Separ. from LO S/S

2. Descent Orbit Insert

3. Powered Descent Flt.

4. Lunar Approach

5. Lunar Surface Base

6. Total useful Payload

7. Ascent L02 P/L tank

8. LH2+Tank Payload

9. Net LH2 Payload 10.9

I0 LH2 for LM Return LO

Ii. LH2 to support LSB

12. Total LH2 @ LO reqd

13. Total L02 @ LO reqd

14. Total RCS @ LO reqd

15. Total Silane @ LO rq

0.61
10.27

10.27 19.85

10.21 2062.20

10.12 18.29

5.55

0.83

0.83 for return of lunar 02 to LOSS

0.00

0.00 LH2 tanks = 0.00 tonnes

0.00

0.00 ******

0.00 Delivered to LO S/S by Lunar Ferry

2.98 Delivered by previous LM mission

0.09 Delivered to LO S/S by Lunar Ferry

1.65 Delivered by previous LM mission

Notes: BEST Case Inert Mass = IOOO+.IO*Wp +.02*Max Ldg. Wt., Kg.

Transfer & Vent Loss = 0 (Assumption)

Tank mass = 10 % H2, 3.5 % 02



SILANEFUEL
LUNARRESEARCHCENTERSUPPORT

ORBITTRANSFERVEHICLEMISSIONPERFORMANCE

CaseNumber:
Mission Departure from: Lunar Surface Base
Mlsslon Destination to: Lunar Orbit SpaceSta. OTVProp.Req
Return to Origin on this Mission? Yes OTVB/O Mass
Mission objective: Dellver L02 payload MPSEng. Isp

to Lunar Orbit Space Station O/F Ratio
(Reserve Des.Wp)Lunar Surface T/W = 1.40Total Th.,kN

4416.00 Lunar ModuleAscent - Best Case Oct. 8, 1983

29.A8

4.72

350.00

1.80

6.74

Mission Sequence Mass History,Tonnes

&Velocity

Maneauvers Required, meters/sec.

MPS OMS RCS

I

2

}

4

5

6

7

8

9

I0

Departure from LSB

Ascent Flight

Ascent Orbit

Terminal Phase

Lunar Orbit Spa. Sta

Total useful Payload

Crew Module + Crew

LO2+Tank Payload

Net L02 Payload@.965

L02 for LM Return LS

II. L02 for LOSS Stores

12. Total Silane @ LSB

13. Total L02 @ LSB reqd

14. Total RCS @ LSB reqd

58.30

58.30 1889.33

33.57 10.67

33.45 16.77 9.15

33.14

23.79

0.00

23.79

22.95 L02 tanks = 0.83 tonnes

0.00 already accounted for

22.95 ****** output of mission

10.53 Produced on the Moon, LM suppl LH2

41.90 From LSB Stores, produced on Moon

0.32 not incl. descent flight needs.

Notes: Inert Mass = I000 + I0 % Wp + 2% Lndg. Wt.

Vent & Transfer Losses = Zero (assumption)

Tank Mass = 10% H2, 3.5% 02

NO lunar

orbit servic

ing req'd.



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

CaseNo. A)lO.O0 SILANELUNARMODULE Oct. i, 1983
For: CALSPACE H.P. Davis

Sep.Mass,# 142721.84 ET-ACCOTVLUNARMODULEPayload Delivery from

Total Thrs 30000.00 Best Case LO S/S to LunarSurface

Init. T/W 0.21 A Pressure-Fed Engines

Propellant: O2/Silane @ O/F = 1.65 Mass Ratio @ Isp =

Quantity,# 65000.00 ,% LAMBDA = 82.24 345.00 MPS,RCS=.6x

AV, ft/sec

Separation from LO S/S RCS 2.00

Descent Orbit Injection MPS 65.10

Powered Descent Initiation - MPS 6764.00

Attitude Control during desc.-RCS 60.00

Descent Venting Loss MPS,(Zero) 0.00

Descent Venting Loss P/L, Ibm 0.00

Mass Ratio

i .00

1.01

1.84

I .01

Venting & Transfer Loss @ Moon,Ibm
0.00 (Zero)

Stage Inert Mass, ibm. 14034.37 (Input algorithm)

Arrival Mass, ibm. (Trial Input -Iterate)

Arrival Payload, ibm.

Net Useful Payload @ LS, ibm.

Payload loaded @ LO S/S, Ibm.

76406.2_

62371.87

62371.87

62371.87

T/W lunar

2.36

Mission Mass Time History

Arrival on Lunar Surface

Powered Oescent - MPS

Attitude Control - RCS

Descent Orbit Injection - MPS

Separation from LO S/S - RCS

Departure Mass from LO S/S, ibm.

End burn Prop. Used

76406.24

76406.24

140571.51

141844.23

142678.96

142721.84

64165.27

1272.72

83A.73

&2.87

Total MPS Propellant Consumed, Ibm

MPS Capacity, Ibm

MPS Propellant Residual, lbm. (Iterate to O)

Total RCS Propellant Consumed, ibm.

65000.00 I00.00

65000.00 % full

0.00

1315.60

Lunar-Supplied Silane reqd. @ LO not incl P/L

Lunar-Supplied L02 required @ LO

Total RCS Propellant Consumed, lbm

24528.30

40471.70

1315.60

Notes: AV from Apollo 17 + 2% FPR

Inert Mass = 2706 +O.15Wp +2% Touchdown Wt.

Zero transfer losses

43.70% of Lun. Orb

Departure Mass

is Useful P/L @LS



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

Case No.
For:

Sep.Mass,#
Total Thrs
Inlt. T/W
Propellant:
Quantity,#

4312.00 SILANELUNARMODULE
CALSPACE
29017.18 ET-ACC OTV LUNAR MODULE

30000.00 Best Case

1.03 Uses residuals fr.4412

02/Silane @ O/F = 1.65

65000.00 ,_ LAMBDA = 82.24

Oct. I, 1983

H. P. Davis

Empty LM+ 02 tank Oel

LO 5/5 toLunarSurface

Pressure-fed Engines

Mass Ratio @ Isp =

345.00 MPS,RCS=.6x

AV, ft/sec

Separation from LO S/S RCS 2.00

Descent Orbit Injection - MPS 65.10

Powered Descent Initiation - MPS 6764.00

Attitude Control during desc.-RCS 60.00

Descent Venting Loss MPS,(Zero) 0.00

Descent Venting Loss P/L, ibm 0.00

Mass Ratio

1.00 •

1 .Of

1.84

I .01

Venting & Transfer Loss @ Moon,lbm O.OO (Zero)

Stage Inert Mass, Ibm. 14034.37 (Input algorithm from 4310)
'T/W lunar

Arrival Mass, Ibm. (Empty LM + 02 tank) 15534.37 11.59

Arrival Payload, ibm. 1500.00

Net Useful Payload @ LS, Ibm. 1500.00 Empty L02

Payload loaded @ LO S/S, ibm. 1500.00 tank only

Mission Mass Time History

Arrival on Lunar Surface

Powered Descent - MPS

Attitude Control - RCS

Descent Orbit Injection - MPS

Separation from LO S/5 - RCS

Departure Mass from LO S/S, ibm.

End burn Prop. Used

15534.37

15534.37

28579.99

28838.75

29008.47

29017.18

13045.62

258.76

169.71

8.72

Total MPS Propellant Consumed, ibm

MPS Capacity, ibm

MPS Propellant Capacity not utilized

Total RCS Propellant Consumed, lbm.

13215.33 20.33

65000.00 % full

51784.67

267.48

Lunar-Supplied Silane reqd. @ LO resid, in tnk

Lunar-Supplied L02 required @ LO resid, in tnk

Total RCS Propellant Consumed, lbm

4986.92 from prev.

8228.42 L02 deliver

267.48 mission

Notes: AV from Apollo 17 + 2_ FPR

Inert Mass = 2706 +0.15Wp +2% Touchdown Wt.

Zero transfer losses

5.17% of Lun. Orb

Departure Mass

is Useful P/L @L5



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

Case NO. 4314.00 SILANE LUNAR MODULE Oct. I, 1983

For: CAL SPACE H.P. Davis

Sep. Mass,# 29022.79 ET-ACC OTV LUNAR MODULE Lunar Module & 02 tank

Total Thrs 30000.00 Best Case LO S/S to LunarSurface

Init. T/W 1.03 4 Pressure-Fed Engines

Propellant: 02/Silane @ O/F = 1.65 Mass Ratio @ Isp =

Quantity,# 65000.00 ,% LAMBDA = 82.24 345.00 MPS,RCS=.6x

&V, ft/sec

Separation from LO S/S - RCS 2.00

Descent Orbit Injection - MPS 65.10

Powered Descent Initiation - MPS 6764.00

Attitude Control during desc.-RCS 60.00

Descent Venting Loss - MPS,(Zero) 0.00

Descent Venting Loss - P/L, ibm 0.00

Mass Ratio

1.00

1.01

1.84

1.01

Venting & Transfer Loss @ Moon,lbm 0.00 (Zero)

Stage Inert Mass, ibm. 14037.37 (Input algorithm)

Arrival Mass, ibm. (Trial Input -Iterate)

Arrival Payload, ibm.

Net Useful Payload @ LS, lbm.

Payload loaded @ LO S/S, ibm.

T/W lunar

15537.37 11.58

1500.00

1500.00 **+***

1500.00 L02 tank

Mission Mass Time History

Arrival on Lunar Surface

Powered Descent MPS

Attitude Control - RCS

Descent Orbit Injection - MPS

Separation from LO S/S RCS

Departure Mass from LO S/S, ibm.

End burn Prop. Used

15537.37

15537.37

28585.51

28844.32

29014.07

29022.79

13048.14

258.81

169.74

8.72

Total MPS Propellant Consumed, ibm

MPS Capacity, ibm

MPS Propellant Capacity unused, lbm.

Total RCS Propellant Consumed, ibm.

13217.89 20.34

65000.00 % full

51782.11

267.53

Lunar-Supplied Silane reqd. @ LO not incl PIL

Lunar-Supplied L02 required @ LO

Total RCS Propellant Consumed, lbm

4987.88

8230.00

267.53

Notes: AV from Apollo 17 + 2% FPR

Inert Mass = 2706 +O.15Wp +2_ Touchdown Wt.

Zero transfer losses

5.17_ of Lun. Orb

Departure Mass

is Useful PIL ILS



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

CaseNo. 4410.00 SILANEFUEL Oct. i, 1983
For: CAL-SPACE H.P. Davis

Sep.Mass,# 150891.06 ET-ACCOTVLUNARMODULEPayload Delivery from
Total Thrs 30000.00 Best Case LSBto Lunar Orb. S/S
Inlt. T/W 1.19 (lunar) 4 Pressure Fed Engines
Propellant: 02/Silane @O/F= 1.65 MassRatio @ Isp =
Quantity,# 65000.00 % LAMBDA = 82.24 345.00 MPS,RCS=.6x

AV, ft/sec Mass

Ratio

Ascent Flight A8.5x9.1NM - MPS 6197.00

Vernier Adjustment RCS 10.00

Attitude Control during asc.- RCS 25.00

Ascent Venting Loss - MPS,(Zero) 0.00

Ascent Venting Loss - P/L, lbm 0.00

Terminal Phase Initiation - MPS 55.00

Circularization to 59 x 59 nm -RCS 5.00

Rendevous & Dock _/ LO Spa. St.-RCS 25.00

1.75

I .00

I .00

i .00

i .00

i .00

Venting & Transfer Loss @LOS/S,ibm 0.00 (Assumption)

Stage Inert Mass, Ibm. 14034.37 (Input)

Arrival Mass, ibm. (Trial Input -Iterate)

Arrival Payload, ibm.

Net Useful Payload @ LOSS, lbm.

Payload loaded @ LSB, ibm.

85054.50

71020.13

71020.13

71020.13

Mission Mass Time History

Arrival at Lunar Orbit Space Sta.

Circularization, Rend.& Dock - RCS

Terminal Phase Initiation - MPS

Attitude Control - RCS

Vernier Adjustment - RCS

Ascent Flight - MPS

Departure Mass from Lunar Surface

End burn Prop. Used

85054.50

85054.50 383.93

85438.43 424.59

85863.02 323.06

86186.09 129.57

86315.65 64575.41

150891.06

Total MPS Propellant Consumed, ibm

MPS Capacity, ibm

MPS Propellant Residual, ibm. (Iterate to O)

Total RCS Propellant Consumed, ibm.

65000.00

65000.00

0.00

836.56

Lunar Surface Supplied Silane required

Lunar-Supplied L02 required @ LS8 wlo PIL

Total RCS Propellant Supplied @LS8

24528.30

40471.70

836.56

Notes: AV from Apollo 17 + 2% FPR

Requires Silane & L02 service for return

47.07 % of LSB

Departure Mass

is Useful PIL @LO



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

Case No. 4412.00 SILANEFUEL Oct. I, 1983
For: CAL-SPACE (reserve propellant for Descent) H.P. Davis

Sep. Mass,# 120212.98 ET-ACC OTV LUNAR MODULE Payload Delivery from

Total Thrs 30000.00 Best Case LSB to Lunar Orb. S/S

Init. T/W 1.50 (lunar) 4 Pressure Fed Engines

Propellant: 02/Silane @ O/F= 1.65 Mass Ratio @ Isp =

Quantity,# 65000.00 % LAMBOA = 82.24 345.00 MPS,RCS=.6x

AV, ft/sec Mass

Ratio

Ascent Flight 48.5x9.I NM - MPS 6197.00

Vernier Adjustment RCS I0.00

Attitude Control during asc.- RCS 25.00

Ascent Venting Loss - MPS,(Zero) 0.00

Ascent venting Loss - P/L, Ibm 0.00

Terminal Phase Initiation - MPS 55.00

Circularization to 59 x 59 nm -RCS 5.00

Rendevous & Dock w/ LO Spa. St.-RCS 25.00

1.75

i .00

1.00

1.00

1.00

1.00

Venting & Transfer Loss @LOS/S,Ibm 0.00 (Assumption)

Stage Inert Mass, ibm. 14034.37 (Input)

Arrival Mass, Ibm. (Trial Input -Iterate)

Arrival Payload, ibm.

Net Useful Payload @ LOSS, lbm.

Payload loaded @ LSB, Ibm.

67761.83

40512.13

40512.13

40512.13

Mission Mass Time History

Arrival at Lunar Orbit Space Sta.

Circularlzation, Rend.& Dock - RCS

Terminal Phase Initiation MPS

Attitude Control - RCS

Vernier Adjustment - RCS

Ascent Flight - MPS

Departure Mass from Lunar Surface

End burn Prop. Used

67761.8]

67761.83 305.87

68067.70 338.27

68405.97 257.38

68663.35 103.22

68766.57 51446.40

120212.98

Total MPS Propellant Consumed, Ibm

MPS Capacity, lbm

MPS Propellant Residual, ibm. (Iterate to Wpd)

Total RCS Propellant Consumed, lbm.

51784.67

65000.00

1)215.33 13215.33

666.48 target Wpd

Lunar Surface Supplied Sllane required

Lunar-Supplied L02 required @ LSB _/o P/L

Total RCS Propellant Supplled @LSB

24528.30

40473.70

666.48

Notes: AV from Apollo 17 + 2% FPR

Does NOT Require Silane & L02 service for return

33.70 % of LSB

Departure Mass

is Useful P/L @LO



LUNARRESEARCHCENTERSUPPORT
OTVPERFORMANCE

Case No. 4414.00 SILANEFUEL Oct. I, 1983
For: CAL-SPACE H.P. Davis

Sep. Mass,# 24897.69 ET-ACC OTV LUNAR MODULE Lunar Moduule only fr.

Total Thrs 30000.00 Best Case LSB to Lunar Orb. S/S

Init. T/W 7.23 (lunar) 4 Pressure Fed Engines

Propellant: 02/Silane @ O/F= 1.65 Mass Ratio @ Isp =

Quantity,# 65000.00 % LAMBDA : 82.24 345.00 MPS,RCS=.6x

AV, ft/sec Mass

Ratio

Ascent Flight 48.5x9.1NM - MPS 6197.00

Vernier Adjustment RCS i0.00

Attitude Control during asc.- RCS 25.00

Ascent Venting Loss - MPS,(Zero) 0.00

Ascent Venting Loss - P/L, lbm 0.00

Terminal Phase Initiation - MPS 55.00

Circularization to 59 x 59 nm -RCS 5.00

Rendevous & Oock w/ LO Spa. St.-RCS 25.00

i .75

i .00

i .00

i .00

I .00

I .00

Venting & Transfer Loss @LOS/S,Ibm 0.00 (Assumption)

Stage Inert Mass, Ibm. 14034.37 (Input)

Arrival Mass, ibm. (Trial Input -Iterate)

Arrival Payload, ibm.

Net Useful Payload @ LOSS, ibm.

Payload loaded @ LSB, ibm.

Mission Mass Time History

Arrival at Lunar Orbit Space Sta.

Circularization, Rend.& Dock - RCS

Terminal Phase Initiation - MPS

Attitude Control - RCS

Vernier Adjustment - RCS

Ascent Flight - MPS

Departure Mass from Lunar Surface

Total MPS Propellant Consumed, ibm

MPS Capacity, ibm

MPS Propellant Capacity unused, lbm.

Total RCS Propellant Consumed, ibm.

14034.37

0.00

O.OO

0.00

End burn Prop. Used

14034.37

14034.37 63.35

14097.72 70.06

14167.78 53.31

14221.09 21.38

14242.47 10655.23

24897.69

10725.29

65000.00

54274.71

138.04

Lunar Surface Supplied Silane required

Lunar-Supplied L02 required @ LSB _/o P/L

Total RCS Propellant Supplied @LSB

4047.28

6678.01

138.04

Notes: AV from Apollo 17 + 2% FPR

Requires Silane & L02 service for return

0.00 % of LSB

Oeparture Mass

is Useful P/L @LO



LUNARRESEARCHCENTERSUPPORT
SILANEFUELORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number: 4310.00 Lunar ModuleDescent
Mission Departure from: LO SpaceStation
Mission Destination to: Lunar Surface Base
Return to Origin on this Mission? No
MiSSiOnobjective: Deliver LM+ Maximum

Payload to lunar surface
T/W lunar =

Best Case Oct. I, 1983

OTVProp.Req 29.48
OTVB/O Mass 6.36

MPS Eng. Isp 345.00

O/F Ratio 1.65

2.36Total Th.,kN 6.74

Mission Sequence Mass History,Tonnes

AVelocity

Maneauvers Required, meters/sec.

MPS OMS RCS

i. Separ. from LO S/S

2. Descent Orbit Insert

3. Powered Descent Fit.

4. Lunar Approach

5. Lunar Surface Base

6. Total useful Payload

7. Ascent L02 P/L tank

8. LH2+Tank Payload

9. Net LH2 Payload@O.85

i0 LH2 for LM Return LO

ii. LH2 to support LSB

12. Total LH2 I LO reqd

13. Total L02 @ LO reqd

14. Total RCS I LO reqd

15. Total Silane @ LO rq

64.73 0.61

64.71 19.85

64.33 2062.20

63.75 18.29

34.65

28.29

1.86 for return of lunar 02 to LOSS

26.43

22.46 LH2 tanks = 3.96 tonnes

O.O0

22.46 ****** output of mission

22.46 Delivered to LO S/S by Lunar Ferry

18.35 Oelivered by previous LM mission

0.60 Oelivered to LO S/S by Lunar Ferry

11.12 Oelivered by previous LM mission

Notes: Nom. Case Inert Mass = 1250+.15"Wp +.02*Ldg. Wt., Kg.

Transfer & Vent Loss = 0 (Assumption)

Tank mass = 15_ H2, 3.5% 02



LUNARRESEARCHCENTERSUPPORT
SILANEFUELORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number: 4312.00 Lunar Module Descent
Mission Departure from: LO SpaceStation
Mission Destination to: Lunar Surface Base
Return to Origin on this Mission? No
Mission objective: Deliver LM+ Empty02

Tank only to lunar surface
T/W lunar =

Best Case Oct. I, 1983

OTVProp.Req 5.99
OTVB/O Mass 6.36

MPS Eng. Isp 345.00

O/F Ratio 1.65

ll.59Total Th.,kN 6.74

Mission Sequence Mass Hlstory,Tonnes

AVelocity

Maneauvers Required, meters/sec.

MPS OMS RCS

1

2

3

4

5

6

7

8

9

10

Separ. from LO S/S

Descent Orbit Insert

Powered Descent Flt.

Lunar Approach

Lunar Surface Base

Total useful Payload

Ascent L02 P/L tank

LH2+Tank Payload

Net LH2 Payload@O.85

LH2 for LM Return LO

II. LH2 to support LSB

12. Total LH2 I LO reqd

13. Total L02 I LO reqd

14. Total RCS @ LO reqd

15. Total Silane @ LO rq

13.16 0.61

13.16 19.85

13.08 2062.20

12.96 18.29

7.05

0.68

0.64 for return of lunar 02 to LOSS

0.04

0.03 LH2 tanks = 0.01 tonnes

0.00

0.03 ****** spurious- ignore

0.03 Delivered to LO S/S by Lunar Ferry

3.73 Delivered by previous LM mission

0.12 Delivered to LO S/S by Lunar Ferry

2.26 Delivered by previous LM mission

Notes: Nom. Case Inert Mass = 1250+.15"Wp +.02*Max Ldg. Wt., Kg.

Transfer & vent Loss = 0 (Assumption)

Tank mass = 15% H2, 3.5% 02



LUNARRESEARCHCENTERSUPPORT
SILANEFUELORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number: 431A.00 Lunar Module Descent
Mission Departure from: LO SpaceStation
Mission Destination to: Lunar Surface Base
Return to Origin on this Mission? No
Mission objective: Deliver LM+ 02 tank

only to lunar surface
T/Wlunar =

Best Case Oct. i, 1983

OTVProp.Req 5.99
OTVBlO Mass 6.37
MPSEng. Isp 345.00
O/F Ratio 1.65

11.58Total Th.,kN 6.74

Mission Sequence Mass Hlstory,Tonnes

AVeloclty

Maneauvers Required, meters/sec.

MPS OMS RCS

I. Separ. from LO S/S

2. Descent Orbit Insert

3. PoNered Descent Flt.

4. Lunar Approach

5. Lunar Surface Base

6. Total useful Payload

7. Ascent L02 P/L tank

8. LH2+Tank Payload

9. Net LH2 Payload@O.85

10 LH2 for LM Return LO

II. LH2 to support LSB

12. Total LH2 @ LO reqd

13. Total L02 @ LO reqd

i_. Total RCS I LO reqd

15. Total Silane @ LO rq

13.16 0.61

13.16 19.85

13.08 2062.20

12.96 18.29

7.05

0.68

0.68 for return of lunar 02 to LOSS

0.00

0.00 LH2 tanks = 0.00 tonnes

0.00

0.00 ****** output of mission

0.00 Oelivered to LO S/S by Lunar Ferry

3.73 Oelivered by previous LM mission

0.12 Oelivered to LO S/S by Lunar Ferry

2.26 Delivered by previous LM mission

Notes: Best Case Inert Mass = 1250+.15"Wp +.02*Ldg. Wt., Kg.

Transfer & Vent Loss = 0 (Assumption)

Tank mass = 15% H2, 3.5_ 02



SILANEFUEL
LUNARRESEARCHCENTERSUPPORT

ORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number:

Mission Departure from: Lunar Surface Base

Mission 0estination to: Lunar Orbit Space Sta. 0TV Prop. Req

Return to Origin on this Mission? No 0TV B/0 Mass

Mission objective: 0eliver L02 payload MPS Eng. Isp

to Lunar Orbit Space Station O/F Ratio

Lunar Surface T/W = 1.19Total Th.,kN

4410.00 Lunar Module Ascent - Best Case Oct. i, 1983

29.48

6.36

345.00

1.65

6.74

Mission Sequence Mass Hlstory,Tonnes

&Velocity

Maneauvers Required, meters/sec.

MPS OMS RCS

i. Departure from LSB

2. Ascent Flight

3. Ascent Orbit

4. Terminal Phase

5. Lunar Orbit Spa. Sta

6. Total useful Payload

7. Crew Module + Crew

8. L02+Tank Payload

9. Net L02 Payload@.965

i0 L02 for LM Return LS

II. L02 for LOSS Stores

12. Total Silane @ LSB

13. Total L02 @ LSB reqd

14. Total RCS @ LSB reqd

68.43

68.43 1889.33

39.09 10.67

38.94 16.77 9.15

38.57

32.21

0.00

32.21

31.08 L02 tanks = 1.13 tonnes

0.00 reserved for return N/o P/L (est)

31.08 ****** output of mission

11.12 Produced on the Moon, LM suppl LH2

49.44 From LSB Stores, produced on Moon

0.]8

Notes: Inert Mass : 1250 + 15 % Wp + 2% Lndg. Wt.

Vent & Transfer Losses : Zero (assumption)

Tank Mass : 15% H2, 3.5% 02



SILANEFUEL
LUNARRESEARCHCENTERSUPPORT

ORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number:
Mission Departure from: Lunar Surface Base
Mission Destination to: Lunar Orbit SpaceSta. OTVProp.Req
Return to Origin on this Mission? Yes OTVB/O Mass
Mission objective: Deliver L02 payload MPSEng. Isp

to Lunar Orbit SpaceStation O/F Ratio
(Reserve Des.Wp) Lunar Surface T/W= 1.50Total Th.,kN

4412.00 Lunar ModuleAscent - Best Case Oct. I, 1983

29.48

6.36

345.00

1.65

6.74

Mission Sequence Mass History,Tonnes

AVelocity

Maneauvers Required, meters/sec.

MPS OMS RCS

I. Departure from LSB

2. Ascent Flight

3. Ascent Orbit

A. Terminal Phase

5. Lunar Orbit Spa. Sta

6. Total useful Payload

7. Crew Module + Cre_

8. LO2+Tank Payload

9. Net L02 Payload@.965

i0 L02 for LM Return LS

II. LO2 for LOSS Stores

12. Total Sllane I LSB

13. Total L02 I LSB reqd

14. Total RCS I LSB reqd

5A.52

54.52 1889.53

31.14 10.67

31.02 16.77 9.15

30.73

18.37

0.00

18.37

17.73 L02 tanks = 0.64 tonnes

0.00 already accounted for

17.7} ****** output of mission

i1.12 Produced on the Moon, LM suppl LH2

36.08 From LSB Stores, produced on Moon

0.42 incl. descent flight needs.

Notes: Inert Mass = 1250 + 15 % Wp + 2% Lndg. Wt.

Vent & Transfer Losses : Zero (assumption)

Tank Mass = 15% H2, 3.5% 02

NO lunar

orbit servic

ing req'd.



SlLANEFUEL
LUNARRESEARCHCENTERSUPPORT

ORBITTRANSFERVEHICLEMISSIONPERFORMANCE

Case Number:
Mission Departure from: Lunar Surface Base
Mission Destination to: Lunar Orbit SpaceSta. OTVProp.Req
Return to Origin on this Mission? No OTVB/O Mass
Mission objective: Deliver Lunar Module MPSEng. Isp

to Lunar Orbit SpaceStation O/F Ratio
Lunar Surface T/W= 7.23Total Th.,kN

4414.00 Lunar Module Ascent - Best Case Oct. I, 1983

a.86

6.36

345.00

1.65

6.74

Mission Sequence Mass Hlstory,Tonnes

&Velocity

Maneauvers Required, meters/sec.

MPS OMS RCS

I •

2.

3

4

5

6

7

8

9

I0

Departure from LSB

Ascent Flight

Ascent Orbit

Terminal Phase

Lunar Orbit Spa. Sta

Total useful Payload

Crew Module + Crew

LO2+Tank Payload

Net L02 Payload@.965

L02 for LM Return LS

ii. L02 for LOSS Stores

12. Total Silane @ LSB

13. Total L02 @ LSB reqd

14. Total RCS @ LSB reqd

11.29

11.29 1889.33

6.45 10.67

6.43 16.77 9.15

6.36

0.00

0.00

0.00

0.00 L02 tanks = 0.00 tonnes

0.00 reserved for return N/o P/L (est)

0.00 ****** output of mission

1.84 Produced on the Moon, LM suppl LH2

3.03 From LSB Stores, produced on Moon

0.06

Notes: Inert Mass = 1250 + 15 % Wp + 2% Lndg. Wt.

Vent & Transfer Losses = Zero (assumption)

Tank Mass = 15% H2, 3.5% 02
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I. INTRODUCTION AND SUMMARY

The potential utility of the oxygen/silane bipropellant

combination for use in a lunar-based propulsive system and the

potential for the on-site manufacture of lunar oxygen and
silane are considered in this report. Two tasks are addressed.

Task i. Feasibility of Oxygen/Silane, O2/SiH4,

Bipropellant Combination for Rocket Pro-

pulsion

Task 2. Feasibility of Production of Silane, SiH 4,

from Lunar Materials

Under Task I, it was found that the propellant properties

of 02 and SiH 4 are more than adequate to support the develop-
ment of candidate propulsion systems. In addition,

o Propulsion systems should be developed around the

optimum performance mixture ratio, 1.50 to 1.80,
rather than minimum fuel mixture ratio, 3.0 to 4.0.

o Estimated delivered performance for the propulsion

system is 340 to 350 sec.

o Ignition and shutdown characteristics of the engine

should not pose special design problems.

o A pressure-fed engine, in the STS Orbiter OMS Engine

format, is recommended as the primary candidate for

adequate performance and life.

o An expander-cycle, pump-fed engine may offer higher

performance than a pressure-fed engine and is worthy

of detailed study.

o The presence of SiO2(L) as a combustion product will

affect engine design. The engine exhaust will contain

SiO2(S) and SiO2(L).

o Silane is stable and storable in space and lunar en-

vironments with properties compatible with those of

liquid oxygen.

o Penalties normally associated with pressure-fed pro-

pulsion systems may be minimized in the lunar environ-

ment. A pressure-fed propulsion system may prove to

be quite competitive with a pump-fed system.

-i-



Under Task 2, it appears that silane and oxygen can be
produced from lunar mare basalt materials in an integrated
facility. In addition,

o The carbothermal process uses common lunar materials
efficiently and produces propellant oxygen and silane
precursors with minimum terrestrial resupply.

o The production of silane from lunar materials may
require a key lunar-produced intermediate, magnesium
silicide. Mineral acid terrestrial resupply will be
required to produce silane by this synthesis.

-2-



II. TASK i. FEASIBILITY OF OXYGEN/SILANE, O?/SiH4,
BIPROPELLANT COMBINATION FOR ROCKET PROPULSION

A. Physical Chemcial and Propellant Properties of Oxygen
and Silane

1. Ox yg e n

Oxygen, 02, is a fully flight qualified propellant

in both its liquid and gaseous states. There is every

reason to believe that it would perform satis-

factorily as the oxidizer in GOX/SiH 4 and LOX/SiH 4
bipropellant propulsion systems.

The physical properties of 02 are presented in

Figure I. The propellant is categorized as a deep

cryogenic, e.g., its critical temperature is -182.0°F

and its normal boiling point is -247°F (specific grav-

ity, 1.14). It is an agressive oxidizer and combines

with all elements except the inert gases of the argon

group. Its propellant properties are well characterized.

As such, they are not discussed in this report.

2. Silane

The simplest covalent compounds of silicon are the

hydrides and the simplest hydride is silane, Sill 4.

The higher hydrides, disilane, Si2H6, trisilane, Si3H 8
and so forth, form an homologous series that bears a

structural resemblances to the methane series of satu-

rated hydrocarbons. The length of the silicon chain

appears to be limited by an inherent instability un-
known in carbon chains. The higher hydrides are un-

stable and the highest member of the series thus far

reported is hexasilane, Si6HI4 (Reference I).

Silane is quite stable thermally, being decomposed

to silicon and hydrogen only at red heat. The higher

hydrides decompose at progressively lower temperatures,

e.g., silane dissociates at approximately 800°F, while

hexasilane decomposes quite completely at room tempera-

ture over a period of several months. The higher hy-

drides do not break down to elementary hydrogen and

silicon as does Sill 4. Rather, they undergo a series

of complicated rearrangements resulting in mixtures of

simple gaseous hydrides and solid unsaturated hydrides
(Reference I).

-3-
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Of particular importance from the standpoint of pos-

sible use of Sill 4 as a fuel is the susceptibility of

the hydrides to oxidation. All of the hydrides are

extremely sensitive to oxygen and will ignite in air.

The reaction proceeds with an explosive puff, evidently

because hydrogen is a preliminary product, i.e.,

2 SiH 4 + 02 = H2SiO + 2 H 2.

The hydrogen liberated by this initial oxidation forms

an explosive mixture with oxygen that is detonated

by the rapidly rising temperatures of the system.

The normal hydrides exhibit a physical resemblance

to their organic counterparts, as shown by the constant

ratio of absolute boiling points, Table i.

TABLE 1

BOILING POINTS OF HYDRIDES OF SILICON AND CARBON

Normal Boiling Points

Hydride °F °_ C °_K

SiH 4 -169.4 -111.9 161 (a)

CH 4 -258.3 -161.3 112 (b)

a/b Ratio

1.44

Si2H 6 5.9 - 14.5 259 (a)

C2H 6 -127.7 - 88.7 185 (b)

1.40

Si3H 8 127.2 52.9 326 (a)

C3H 8 - 48.1 - 44.5 229 (b)

1.42

ca.228.2 ca.109 382 (a)Si4HI0 __

C4HI0 32.9 0.5 274 (b)

1.39
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Additional comparitive physical properties are presented
in Table 2.

TABLE 2

PHYSICAL PROPERTIES OF HYDRIDES OF SILICON AND CARBON

Hydride

Sill 4

CH 4

Meltin_ Point Boilin_ Point Specific Gravity
oF oC OF oC (liquid)

-301 -185 -169.4 -111.9

-296.7 -182.6 -258.3 -161.3

0.6_ @ -185°C

0.46 @ -182°C

Si2H 6 -206.5 -132.5 5.9 -14.5

C2H 6 -277.6 -172 -127.2 -88.7

0.69 @ -25°C

0.546 @ -88°C

Si3H 8

C3H8

-178.6 -117 127.2 52.9

-304.8 -187.1 - 48.1 -44.5

0.743 @ 0°C

0.585 @ -44.5°C

Si4HI0 -130 -90 ca. 228 ca. 109 0.825 @ 0°C

C4HI0 -211 -135 32.9 0.5 0.60 @ 0°C

Although the propellant properties of Sill 4 have not

been determined rigorously, it is reasonable to ex-

pect them to be similar to those of the light hydro-
carbons with the notable exception of ignition

characteristics, i.e., the ignition of the O2/SiH 4

combination should be more easily accomplished than

O2/CH 4 and O2/C2H6 . Therefore, it is instructive
to note some additional physical properties of the light

hydrocarbons, Table 3 and Figure 2.

*Similarly, the ignition of O2/SiH 4 should be more

easily accomplished than O2/H 2. As in almost all

systems, a modest OX-lead is indicated, e.g., I0 msec.

An OX-lag on shut down is indicated as well

-6-



TABLE 3

SOME PROPERTIES OF LIGHT HYDROCARBONS

Hydrocarbon

Methane, CH 4

Ethane, C2H 6

Propane, C3H 8

Butane, C4H10

(Silane, SiH 4)

Molecular Critical Critical

Weight Temperature Pressure

(g) (°F) (psia)

16 -117 673

30 90 708

44 206 617

58 306 551

32

Auto

Decomposition

Temperature

(OF)

1405

1255

860

ca. 800

Silane should be categorized as a soft cryogenic, i.e.,

it is a space storable propellant. Its handling

characteristics and stability should be similar to

those of the light hydrocarbons with the notable ex-

ception of ignition with oxygen, as discussed previously,

and toxicity. The comparative physical properties of

02 (m.p., -362°F, n.b.p., -297°F) and SiH 4 (m.p.,
-301°F, n.b.p. -182.6°F) should permit adequate flexi-

bility in propulsion system design as SiH 4 is a

liquid at the normal boiling point of 02 • The vis-

cosity/temperature relationship of SiH4(L) will affect

the design.
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So
Combustion and Performance Characteristics of Oxygen/

Silane Bipropellant Combination

i. Oxygen/Hydrocarbon Bipropellant Combinations

Before addressing the combustion and performance

characteristics of the O2/SiH 4 bipropellant combi-

nation, it is instructive to consider some O2/Hydro-

carbon bipropellant combinations. As indicated in

Table 4, O2/CH4 offers the highest specific impulse

performance. Note, however that the estimated delivered

specific impulse varies only + 3 sec. (+ 0.83%) among

the light hydrocarbons, while--the companion density

specific impulse varies + 16.5 sec (+ 2.8%).

TABLE 4

DELIVERED PERFORMANC EOF LOX/HC BIPROPELLANT COMBINATIONS

Estimated
De I ivered Max imum Stoic hi.-

Vacuum Vacuum Per formance me tr ic

Specific Density Mixture Mixture

Bipropellant Impulse a Impulse Ratio Ratio
Combination ( ibf- sec/ibm) (_.Ispv) (Wox/WfU) (Wok/WfU)

LOX/CH 4 360 293 3.25 4.00

LOX/C2H 6 357 319 2.95 3.72

LOX/C3H 8 355 323 2.85 3.64

LOX/C4HI0 354 326 2.80 3.57

LOX/RP-I 345 352 2.75 -

a Chamber Pressure, 400 psia; Area Ratio, 125:1

All of the exhaust species predicted for the LOX/HC

bipropellant combinations by the standard JANNAF methods

are gaseous, i.e., the major species are carbon monoxide,

hydrogen, water vapor, and carbon dioxide. However, it

is important to remember that these combinations do not
follow the theoretical predicted combustion combinations

chemistry completely, i.e., all of these' combinations

form some solid carbon as a combustion product. Carbon

formation manifests itself as deposits which complicate

engine design and operation, particularly turbopumps

and combusion chambers.

-9-
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2. Oxygen/Silane Bipropellant Combination

Some theoretical performance calculations have

been made for the O2/SiH 4 bipropellant combination,

e.g.; Table 5 (Reference 2). The impulse is in the same

range as the O2/Hydrocarbon combinations. Note that

the cases reported in Table 5 are not for the maximum

performance mixture ratio point in an effort to mini-
mize the amount of fuel required for the propulsion

system. This has important ramifications for the pro-

pulsion system and engine designers as the specific

impulse is lower, the combustion temperature is higher,

a significant amount of oxygen is present in the com-

bustion chamber, and the amount of fuel available for

cooling the combustion chamber is lower. These trends

greatly increase the designer's problems.

In addition, most of the Si is present as SiO2(L)

rather than SiO2(G). This impacts turbopump and

combustion chamber design, e.g., turbine life and gas

side heat transfer, respectively. The non-equilibrium

formation of Si (psuedo-coking) may complicate matters

further.

Design Considerations for an Oxygen/Silane Bipropellant

Engine

1. Propellants

There is every reason to believe that 0 2 and SiH 4

will prove to be satisfactory propellants for this pro-

pulsion system and its engine. Both propellants have

tractable physical, chemical and handling characteristics.

There is a reasonable expectation that they are hyper-

golic and the required ignition will be achieved

without difficulty with proper design•

Silane appears to possess the requisite stability

to function as a regenerative fuel coolant and as a fuel

film coolant, provided it can be produced in high purity.

The potential of using oxygen as a regenerative oxidizer

coolant exists but this approach is controversial. Note

however, that operation at higher mixture ratios, e.g.,

3.0 to 4.0, may require regenerative cooling with 0 2

as there may not be sufficient SiH 4 to cool the thrust

chamber.

-I0-



TABLE 5

THEORETICAL PERFORMANCE OF LOX/SILANE BIPROPELLANT COMBINATION

Equilibrium Composition

Pc = 147.0 psia
MR = 3.0

P a rame te r Chamber Th ro a t Ex it Ex i_._.__t

pc/p 1.0000 1.7113 882.22 5446.0

P, arm 10.003 5.8452 0.0113 0.0018

T, OK 3379 3273 2394 2215

Ae/At 1.0000 i00.00 500.00

Ispv, sec. 196.3 340.7 366.9

Pc = 1470.0 psia

MR = 3.0

Pc/P 1.0000 1.7177 913.48 5686.8

P, arm 100.03 58.234 0.1094 0.0176

T, OK 3860 3718 2594 2371

Ae/At 1.000 i00.00 500.00

Ispv, sec. 203.9 350.8 376.9

Mole Frations: Pc = 147.0 psia, MR = 3.0

(Major Species)

S pec ies Chamber Throat Exit Ex it

H 0.0228 0.0226 0.0202 0.0187

H2 0.0284 0.0281 0.0237 0.0217

H20 0.3252 0.3301 0.3913 0.4072
O 0.0539 0.0521 0.0350 0.0302

OH 0.1152 0.ii01 0.0622 0.0513

02 0.2426 0.2425 0.2412 0.2389
SiO 0.1299 0.1227 0.0504 0.0335

SiO2(L ) 0.0597 0.0704 0.1725 0.1954

SiO2 0.0219 0.0198 0.0051 0.0031
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2. Mixture Ratio

Although the desire to operate an engine at higher

mixture ratio may be attractive to minimize fuel pro-

duction requirements and maximize density specific im-

pulse, it is particularly unattractive from the stand-

point of engine design. The development of a long-life

reusable engine that operates at a throat temperature

of 3273°K (5432OF) and an oxygen concentration of 24.25

mole% would be an extremely formidable task, Table 6.

It would be much more reasonable to approach the

design of the engine based on the maximum specific im-

pulse performance mixture ratio. In the absence of

additional theoretical performance data, this mixture

ratio is estimated to be 1.65. This would lower the

thrust chamber temperatures, eliminate oxygen as a

major combustion species, and provide more fuel for

cooling, in addition to increasing the delivered spe-

cific impulse.

3. Pumlm- F ed Engine

pump-fed liquid bipropellant engines are attractive

because they offer higher performance (Pc/P) and

lighter weight (smaller) than their pressure-fed counter

parts. In addition, they offer lighter weight propulsion

systems since thin-wall propellant tanks may be used.

The presence of SiO2(L) [and perhaps such non-

equilibrium species as SiO2(S), Si(L) and SiH2(S)]

appears to mitigate against the selection of the gas-

generator and stage-combustion cycles for the pump-fed

engine. The development of suitable turbopumps, e.g.
turbine blades, for a long-life, reusable engine would

be a challenge as the erosive effects of liquid droplets

in the turbine drive gas would be life-limiting.

If an adequate power balance can be achieved, an

expander cycle pump-fed engine may be feasible. A

single expander cycle analysis must leave ample margin
for the limited thermal stability of SiH 4 (as compared

to H 2). A dual-expander cycle, in which the thrust
chamber would be cooled with 02 and Sill 4, may be the

better choice.

-12-
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The presence of SiO2(L) in the combustion
chamber will reduce the gas-side heat transfer. This,

in turn, will make it more difficult to obtain a

power balance for very high chamber pressure, i.e.,

to obtain very high specific impulse performance.

Detailed analysis would have to be performed to address

these and other issues associated with the selection

of an expander cycle pump-fed engine.

4. Pressure-Fed Engine

Pressure-fed liquid bipropellant engines are

attractive because of their comparative simplicity

(no turbopumps). Their disadvantages are lower

performance (Pc/P) and the need for heavier weight

tanks and a tank pressurization system which results

in heavier propulsion systems.

A pressure-fed engine in the STS Orbiter OMS-Engine

format would seem to be appropriate for use with the

LOX/SiH 4 bipropellant combination (Figure 3). This

engine which delivers 6,000-1bf thrust and operates

with the nitrogen tetroxide/monomethylhydrazine com-

bination at a mixture ratio of 1.65, has a fuel re-

generatively-cooled thrust chamber. OMS-E has a

delivered specific impulse performance of 316 sec.

If the regeneratively-cooled thrust chamber can be

adequately cooled with silane, and there is every rea-
son to believe it can because of silane's thermal sta-

bility and the presence of SiO2(L) in the thrust cham-

ber, the development of a suitable long-life, reusable

engine based on LOX/SiH 4 appears to be quite achievable.

Such an engine should have a delivered specific impulse

performance in the 340 to 350 sec range.

Finally, a fuel film-cooled engine can be considered

as a work-around design should the development of a re-

generatively-cooled engine prove to be unworkable. The

engine would be lighter but its delivered specific im-

pulse would be lower, perhaps as much as 20 sec.

The pressure-fed propulsion system penalties asso-
ciated with earth-launched systems would have to be

reconsidered in the light of a moon-launched system.

In the 1/6 g environment of the moon, the. apparent dis-

advantages of a pressure-fed system may be less and a

pressure-fed engine operating at higher chamber pres-

sure may be appropriate. Detailed analysis would have

-14-
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III.

to be performed to address these and other issues

associated with the selection of a pressure-fed pro-

pulsion system.

TASK 2. FEASIBILITY OF PRODUCTION OF SILANE r SiH 4
FROM LUNAR MATERIALS

A. Lunar Minerals

The mineralogy of lunar materials is dominated by five minerals: pyrox-

enes. olivines, plagioclase feldspars, ilmenite, and spinel. A host of other
minerals have been reported from analyses of lunar samples: they are listed in.

_able 2-I..The mineral chemistries are presented in more detail in the subsec-
tions that follow; however, the following overview will be helpful.

Pyro._:e,P-.-The basic chemistry of the pyroxcnes can be represented by a

mixing of the end member minerals: enstatite (MgSiO3), wollastonite

(CaSiO_), and ferrosilite (Fe-.5iO3). I These are usually abbreviated as En, Wo,
and Fs,-respectively. There are.three structural forms: orthopyroxene,

pigconite (or low-calcium clinopyroxen¢), and augit¢ (or high-calcium

clinopyroxene); they are chemically differentiated by their CaSiO 3 con[entre

orthopyroxene lowest and augite highest. All forms have a wide range of
enstatite and ferrosilite contents. The minerals accept large amounts of AI (up

to 12 percent Ai203),Ti ( up to 5 percent TiO2), Mn (up to 0.5 percent MnO),

Cr (up to 1.25 percent Cr2Oj), and Na (up to 0.2 percent Na20) into solid solu-
['ion. An average chemistry cannot be denned easily.

O/i_.ineDThe basic chemistry of the olivines is represented by a solid solu-

tion of forsterite (Mg2SiO () and fayalite (Fe2SiO(), represented as Fo and Fa.
The mineral accepts limited amounts of Ca, Cr, Ti, and AI into solution. There

arc several ranges ofcompositionsDmost are between Fo75 and Fos0.
Fe/dspar--Lunar plagioclase feldspars are solid solutions of anorthit¢

(CaAI2Si2Os) and albit¢ (NaAISi3Os), An and Ab, respectively. They can con-
tain up to 2 mole percent oforthoclase (KAISijOs).

Hrne,ile---Lunar ilmenites are mixtures of ilmenite (FaTiO 3) with small

amounLs ofgeikielite (MgTiO3). They have a varied minor element chemistry.

3pine/---Spinel minerals are complex mixtures of ulv_spincl (Fe2TiO4),

chromite (FeCr20(), l_ercynite (,FeAI204), picrochromite (MgCr204), spinel

(MgAI20(), and magnesium-titanate (Mg2TiO4). Their chemistries are com-
plex and varied with substitutions of many minor and trace elements reported.

In subsequent portions of this k,e_,._<r_,_Z of't'/._,<,. - ...... • ..! chemi-
cal properties of minerals and some oth6r materials are summarized. These
data represent a simplified and condensed form of information that can be
found in the "Handbook of Physical Constants," S. P. Clark, Jr., editor.

|Compositions of |his and ozhct minerals are often report,'d as mole p,rccnt of end member

mincrals, wfiuen Is Wo2En ,,Fs,I. (or exsmpk_.

-16-



TABLE 2-L_Lunar Minerals

Ma)ar minerals, while variable in abundance, are known to occur in concentrations up to 1130per.

cent. Minor miMrals generally occur at less than 2 pc_rcenl, although tome, partie11.1larly ilmenite,

achieve al_ndances o4' I0 l_fcenL Trace minerals never exceed a few tenths of a l)¢rcent and

some are _ed only as isolated single grains. Those marked with question marks are con-

troversial with respect to indigenous lunar ori|in.

Major Minor

Olivine (MS. Fe) rSiO 4

l_/roxeM (Cm,MIJ_e)SIOj

i%msiodase feldspars

(CI,NI) AI2SIlO I

Spineis (Fe,Mg,AIoCr,Ti)Oa

Armalcolite (Fe_TiOs).

Silica (quartz. tridymile.

cristobalite) SiO_
Iron Fe (variable amounts of Ni"

and Co)

Troilite F,-¢

Ilmenite Fel'iO 3

Trace

PhOJ_Gte$

ApmtiK=" Cms(PO4) J (F.Ci))

Whidockitem C-.mg(MI_Fe) (PO4)7(F.CI)

Zr minenml

T, rcon" 7.zSiO 4

Badclekeyite Z.rO 4

$ilicmes

Pyroxferroite (Fe.M$.Ca)SiO j

Amphibole (Ca.MgoFe) (Si.AI) IO,jF
Garnet(?)

TrancluilleWile" FelZr2Tip jO ,

Mackinaw_te (Fe.Ni)_5 t

Pentlandite (Fe.Nil,rS I

Cul_mite CuFezS j

Chalccwyrite CuFeS,
Sphtlerite (Zn.FeIS

OxMes

Rutile TiO 2

Corrundum(?) AI]O 3

Hematite(?) Fe]O3

Magnetite Fe_O 4
Goethite(?) FeO(OH)

Metals

Copier(T) Cu

Brass(?)

Tin(?) 5n

Zt._c_ mineral

Zirkilite or zirconolite" CuZrl_207

.t f eleormliC minc_oIs

Schreibcrnite ( Fe.N%P
Cohen)re ( Fe.Ni.Co).C

Nininlerite (MI_Fe.Mn)$

Lawrencite(?) (Fe.Ni)CI 1

_ _ known w mp.lln4_l f.lmpic,I MmlllUl_lq_l_l. pm'lN:ul_rty ol _tlt Idug Y. Nb. I|f. U. aln4l th_ rlurlg atoll

¢lemelul8 IMI ,_l ¢m_.,nlrmK, d m IIK'_ mm_'mdl.
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published by the Geological Society of America (1966),

and in "Thermodynamic Properties of Minerals and Related

Substances at 298.15 K and One Bar (105 Pascals) Pressure

and at Higher Temperatures," U.S. Geological Survey, by

R.A. Robie, B.S. Hemingway, and J.R. Fisher. These data

are always referenced to the stable form of the materials
or elements at the cited temperature and at 105 N/m 2.

Finally, the mineralogical data presented here are

highly abstracted. More complete data are available in

"Rock Forming Minerals", five volumes by W.A. Deer, R.A.

Howie, and J. Zussman, published by John Wiley and Sons,

Inc.

The minerals of the moon are not uniformly dis-

tributed. For example:

Chemical differences between the maria and the high-

lands were demonstrated by the orbiting X-ray fluoresence

experiment. Data from one orbit each of Apollo 15 and 16

are shown in Figure 1-3. The maria have consistently

lower aluminum/silicon (AI/Si) ratio. The major variations

of the AI/Si ratio are consistent with the mafic basalts

returned from the mare (lower AI/Si) and the anorthositic

rocks of the highlands (higher Al/Si).(Reference 3)

The chemistry of the lunar minerals will be an im-

pcrt_nt influence on the site location of permanent bases

and production facilities.

-18-
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MAR I: TSIOLKOVSKY
¢IIS|UM,,,- .,J'l M.E FL

Lr LLr '
MARE

MAI| SMYTHII
COGNITUM F|CUNOITATIS

..S"
9(

.4

.3
i

[:'[GUR I:" I-].---I):ll l'mm the X-rs.v I'luoresa:ent experiment Ihsl orbited the Moon durinl

Almlle IS and 16. The map shows one t),picsl orbit from each mission. The top und b44toe,

|rsphs shew chanles in the ratio o1" AI to St. Law values are consistent wi|h the feldspar-poor

mare relions- hilh _-alues are conslslent with the feldspar-rich hilhlands.

1

I. P_roxenes

Pyroxenes are mixtures of the minerals enstatite (MgSiO3), wollastonite
(CaSiOj), and ferrosilite (Fe.SiO3), abbreviated En, Wo. and Fs respectively.
There are three structural forms: orthopyroxene, pigeonite (low.calcium

clinopyroxene), and augite (high-calcium clinopyroxene). All Forms have a
wide range of'enstatite and I'errosilite contents and accept large amounts of AI

(up to ]2 percent A1203), Ti (up to 5 percent TiO2), Mn (up to 0.5 percent

MnO), Cr (up to 1.25 percent Cr203) , and Ha (up to 0.2 percent Na20) into
solid solution. Average chemistry is not easily defined. The occurrence or

pyroxene on the lunar surface is shown in table-2-]], and two analyses of typi-
cal pyroxenes are given in table 2-ill.
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Pyroxenas are potential ores for silicon, calcium, magnesium, oxyj;en, and
possibly aluminum and iron. Based upon the occurrence shown inlable 24[,
mare basalts may be considered ores for lunar pyroxenes.

TABLE 2-11.--Abundance of Lunar Pyroxene

I._ material P_t pymx_e. O_,mems

,_._

Marc b,umlts 40 to 65

Anorthositic rocks

A few samples contain less pyrox-

ene (as low u 30 percent in

some cases and down to $ per.

cent in one vitrophyre).

0 to 40 Pyroxene in these rocks is mostly

Ca-poor.

Frasmenta! breezes 5 to 30

Soils $ to 20

The quoted value is for miner;d

grains more than 25

micrometers across.

The pyroxene composition and

amount resembles thai o1" the

local rocks. Pyroxene is hlgh-Ca

in mare req_ions and low-Ca in

highland regions.

• TABLE2-1ll.--AnalyxesofTypicalLunarPyroxen_

Com_un d Marc. Highland. "

SiO 2 47.84 53.53

TiO z 3.46 .00

Cr20 ) .80 .$0

AI20.I 4.90 .99

FeO 8.97 I $.42

MnO .25 .19

MIO t 4.88 26.36

CaO 18.$6 2.43

NazO .0__.Z7 .06
Total 99.73 IO0.J-'-"_
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2." Olivine

Olivine is one of the dominant lunar minerals. [t is a solid solution el"

forsterite (MgySiO4) and I'ayalite (FeySiO,i), with most compositions between
FoTs and FOso (75 to 50 mole percent forsterite). The occurrence el'olivine on

the Moon, s shown in'able 2-IV, and two analyses el"typical lunar el/vines are
given in'Lable 2-V.

Olivine is a potential source ot"magnesium, iron, silicon, and oxygen. Based
on the occurrence shown in'_able 2-IV, mare basaits may be considered ores
for this mineral.

TABLE 2-1V.1Abundance of Lunar Olivine

Lunu materiel Percent el/vitae. Comments ;

ml.%

Mare basalts 0 to J3 The olivine coalent is a function

of the detailed chemistry of
each mare lava flow.

Anorthositic rocks 0 to 40 Mast anot'thositi¢ rocks contain

only a few percent olivine.

Rocks with up to 40 percent

olivine are rare.. One very _re

, rock contains 99 percent olivine.

Fragmental brecciu 0 to $ Olivine content is a function of the

local rocks. It is higher in

regions where local rocks con-

tain olivine.

Crystalline brecchis ! to 5 Olivine in these rocks are usually

clasts greater than 50

micrometers across.

Soil O to4 The olivine content is a function
D

of the local rocks.

TABLE 2- V.--A nalyses of Typical Lunar Olivine

Ccm_/olmd .Ware. High/end.

_'1.". t,_r.T,

SiO., 37.36 37.66
Tie., . I I .09

Cr,O j .20 .!5
AIyO 3 < .01 .02
FeO 27.00 26.24

MnO .22 .32

MgO 35.80 35.76

CaO .27 .16

< .01 < .01

Total 100.97 100.40
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3. Plagioclase Feldspar

Plagioclase feldspar is one of the dominant groups of lunar minerals and oc.

curs in all natural materials found on the lunar surface.. The occurrence of

plagioclase in lunar materials is given in_'able 2-VI, and two analyses of lunar

plagioclase are given in_ble 2-VII.

Most lunar feldspars have anorthite contents greater than Anu. The

mineral anorthite (CaAI2Si:Ot) is a potential source of aluminum, silicate,

silicon, and oxygen---all of which are required for fabrication of structures in

space. Based on the known occurrence of plagioclase (_ble 2-VI), regions of

light-matrix breccia may be considered potential ores J'or lunar plagioclase.

TABLE 2-VL_A btmdance of Plagioclase in Lunar Materials

Lunar material Petg_t

Magioclme.

mL_

C'd_UVle_,t_

Mare bualls

Anorthosi_c rocks

Ctys-,lline broccias

Vitri¢ breccbs

Lisht-matrix brocciu

Soil

15 to 35

40 to 9g

.SOto 75

15 to 50

70 tQ 90

10 to 60

The plqiocJase abundance is approximately the same

in both hilh-'ri and Iow-Ti mare basa,s.

Mo6I anorthositk rocks contain more than 75 percent

plagioclase: anorxhositi¢ rocks with less than 70 per-

cent plalgiodue are rare. Anorthositi¢ rocks are un-

common on the lunar surface and no deposit of
anorthositic rocks is known at this time.

These rocks are limited to the lunar highlands.

These rocks are very fine grained.

These rocks are most abundant at North Ray Crater
(Apollo 16 site).

SOils resemble the local bedrock. Thus, soils in mare

regions contain little plegioclase whereas soils in

hishland regions contain more pla|ioclase.

TABLE 2- VII._A nalyses of Typical Lunar Plagioclase

C¢_potmd ,Ware. " Highland.

.'t. % k.t. %

SiO: 46.06 46.67

TiO, .15 .02

AltO, 33.71 33.5 I

FeO .68 15

MnO .01

MsO .31 .O9

CaO 18.07 17.78

BaO _ < .0l

Na:O .67 I .$ I

K_O .04 .13

Total 99.70 99.97
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4. [ imenite

Ilmenite is one of the minor lunar minerals, and its abundance is generally
less than 2 percent. However, there are areas on the Moon where ilmenhe

abundance surpasses 10 percent. The occurrence of ilmenite on the Moon is

shown in'_able 2-VIH, and two analyses of typical lunar ilmenite are given in
fable 2-IX.

The mineral ilmenite (Fe'l'iO3) is a potential source for iron, titanium, and

oxygen. Based upon the occurrence of ilmenite (l'able 2-VHI), high-titanium
mare hassles may be considered as potential ores for this mineral.

TABLE 2- Wll._ Abundance of llmenite in Lunar Materials

LJm., ,..rind Pelter Com.w.ts :

il_ite, ml._

Mare basal,, 0 to 25 llmenile abundance is a strong Function of basalt

lype. High-T] basalts tend to contain more

than 15 percent ilmenite while low.T] hassles

tend tO contain less than I0 pgrcgnL Vitro.

phyres of both high- and low-T] contents con-

tain less than I percent.

trace Almost no ilmenite occurs in these rocks.

2 to 12 These values are for ilmenite grains larger than

25 micrometers across. The ilmenit¢ content

of • breccia resembles the Iocel terrain. In

high*T] mare regions the value is approx-

imately 10 percent, in low-T] mare relions it b

approximately 4 percent and in the highlands

it is approximately I percenL

I to 2 These rocks are limited to highland regions. The

ilmenite is generally approximately one
micrometer across.

0.$ to _ The ilmenite content is a function ofk_l rocks.

h is high in regions where local rocks are high
in ilmenite cofllenl and vice versa.

Anorthositi¢ rocks

Fragmental breocias

Crystalline Meociu

Soil

TABLE 2-IX.-- Analyses of Typical Lunar llrnenile

Compound Marc. Highland.

SiOz 0.01 0.21

T]Oz 5J.$11 54.16

Cr_O, 1.08 .44

AhO, .07 < .01

FeO 44.88 37.31

MnO .40 .46

MgO 2.04 6.$6

ZrO .05 .01

V_Oz .01 < .01

Nb:Ot < .01 .13

Total 102.16 99.37
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B. LUNAR MATERIALS

Lunar materials may be classifiedas follows: (I) regolith,a fine.grain

depositlooselyreferredtoas"lunarsoil';(2)igneousrocks thatwere derived

from the Moon's interiorby well-known igneous processes;and (3) breccias

which represent lunar deposits that were lithified by the effects of meteorite

impact. Data on these types of lunar material are given in this section.

I. Re@olith

The relatively young basalt surfaces inside the large mare basins are domi-

nated by craters less than 1 kilometer in diameter and are particularly in-
fiuenced by the cumulative bombardment of meteoroids. This bombardment

resulted in the fine-grain deposit known as "regolith" and more loosely re-

ferred to as "lunar soil." The lunar highland, though not _ominated by these
small craters, also has a regolith resulting from meteoroid bombardment.

Because of the numerous impacts in the regolith, it is highly comminuted
and very rich in glass. Descriptions of the regolith are given here in terms of

grain size, chemistry, and mineralogical constituents.

Physical properties of the lunar regolith are known with a high degree of

confidence, Unfortunately, however, direct sampling was limited to a max-

imum depth of approximately 3 meters. In addition, data from geophysical ex-
periments (such as the active seismic, traverse gravimeter, and surface electri-

cal experiments) have not permitted unambiguous interpretation of soil thick-

heSSor depth to rock. Deep drill holes and a more definitive geophysical pro-

gram will be required to characterize the subsurface physical properties.
Quantitative measurements of the regolith thickness are given in_'_ble 3-I;

they :--e very few and are essentially confined to the Apollo landing sites.

TABLE 3-1._Mea. Rego/ith ThickneJ3

Localion Pnotogeoloz2." Seisn_neter,

m m

Flamstecd Rinl 3J --

NE of Wichmann Crater 3.3 --

Apollo 12 site 4.6 3 to 4

Apollo 15 site "-7 S

Apollo lI site 4.6 3 to6

SE Mare Tranquillitatis 7.5 --

Apollo 17 site -..$ _$

Apollo 16 site --$ to I0 12 to IS

Highland Plains 16 --

Apollo 14 site _ 10 to 20
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2. I_neous Rocks

a Mare Basalts:

The mare basalts are igneous rocks derived from the interior of the Moon

as liquids by well-known igneous processes. The mare basalts can be divided

into two major chemical groups based on titanium dioxide (TiO2) content:
those that have TiO_ > --9.0 weight percent (primarily reported from the

Apollo ll and 17 sites) and those that have "l'iOz <5.0 weight percent. The

range of composition for the major oxides in each group is shown in'_ble 3-

VII. In addition to "1"iO2,there are significant differences in SiO2 with the high-

titanium basaits (HTB) being 4 to l0 weight percent lower than the low-
titanium btsalts (LTB). All the other oxides show significant overlap. The

LTB's do generally have more MgO and FeO. Analyses of representative lunar
samples are shown in _ble _-VIIX.

One advantage of this chemical grouping, in addition to the obvious

differences, is that these basalt types can be differentiated at a l-kilometer

scale on the Moon from Earth-based spectral studies. Much of the near side of

the Moon has already been mapped with respect to distinguishing these two
basalt units.

Differences in the chemistry are quite logically reflected in significan.
differences in the modal mineralogy (based on volume percent of the mineral.,
present) as shown in "j_ble 3-IX. The differences in titanium content are

reflected in the much higher content of opaque minerals (ilmenite and ar
malcolite) in the HTB's. The differences in silica are evident in a correspond

ing decrease in the reladve plagioclase and pyroxene content of the HTB's.

TABLE3-V/l.--Range of Major Element Chemistry

G_emlcM Hith-7_ basalt* (HTB). Low. 77 basalts (L TB).

_._ ,,,c_

SiO_ 37.11 to 40.7 43.9 tO 411.4

"l'iOz 9.6 to 13.4 1.11 tO 4.8

AI:Oj 8.0 to 10.9 7.3 to 10.8

FrO 16.5 to 19.8 19.3 to 22.5

MnO 01 to O.J 0.2 to 0.3

MgO 6.7 to lO.J 6.5 to 16.5

CaO 10.1 to 12.7 11.0 to 11.11

HalO 0.J to 0.5 0.2 to 0.4

K:O 0.1 to 0.3 0.5 to 0.7

Cr_O, 0.3 to 0.6 0.3 to 0.6

PzO, 0.1 to 0.2 0.4 to 0.11

S 0.1 to 0.2 0.4 to 0.8
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In texture,the two groups are not mutually exclusive. They both show
variants from the vitrophyric basalts to coarse-grain ophitic basalts or fine- to

medium_raln gabbros. In general, the coarser grain the rock the more friable
it is. Some of the most easily disagzregated rocks are the fine- to medium-grain

pbbros. Residual glass and crystal shape appear to be the agents primarily
responsiblefor the toughness of the rocks and, where the glassislackingand

the crystalsare cquant to subequant,the rocks are more friable,Some speci-

mens have micrometer tocentimeterscalecavities(vugs and vesicles).

TABLE 3-Vlll.--C_emistry o/Mare Basa[ta

C_micai Hilh- Ti bcsaZa Low-77 b_s_

10003 10017 70213 12064 12021 12009 IJ_55 13076

WeiIht I_¢_t

39.8 40.6 37JI 46J 46.7 45.0 44.6 45A

TiO_ ! 1.1 ! 1.8 13.0 4.0 3.5 2.9 2.1 1.9

AhOj 10.7 8.0 |.9 10.7 10.8 $.6 L7 9.0

ergo, .1 .4 .4 .4 .4 .6 .6 .1

FeO 19.8 19.7 19.7 19.9 19J 21.0 22.5 20.1

MnO .1 .2 .3 .1 .1 .3 .1 J

MzO 6.9 7.7 1.4 63 7.4 11.6 t 1.4 8.6

CaO 1 !.1 10.7 10.7 11.8 1 i.4 9.4 9.4 10.5

N,,30 .6 .5 .4 .1 .3 .2 .3 .3

K_O .06 .3 .05 .07 .07 .06 .04 .07

P_Os . i .2 .09 .04 .09 .07 .06 .07

S .15 .22 .18 .07 _ .06 .06 .08

Total 101.14 100.32 99.92 100J$ 100.26 99.79 100.06 99.82

Trace ch_k'ab

U ppm 9 18.1 7.1 _ 8..17 -- 6.._

Rb ppm .49 5.63 .256 -- !.14 _ .445 0.917

Sr ppm 152.7 175 121 _ 128 -- 84.4 12

Bs ppm 108 309 56.9 -- 71.1 -- ]2.2 62.7

L,a ppm 14.7 26.6 5.22 6.76 -- 6.1 8.06 7.38

Ce ppm 45.5 77..3 16.5 17.5 19.8 16.8 6.26 15.1

Nd ppm 38.3 59.5 16.7 16 14.4 16 2.t39 10.6

Sm ppm 14.4 20.9 6.69 5.51 "4.84 4.53 .6S8 3.52

Eu ppm i.36 2.14 !..37 1.1.6 '1.12 .94 2.9 .978

V ppm 63 46 50 119 _ 153 _ 135

Sc ppm 74 86 !_ 63 50 44 _ 47

Co ppm 14 31 2.3 27 28 49 _ 41
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TABLE.3- Vl/L---Concluded

O_.mical Ilifh- 77 basalts Law- 77 basalts

10003 10017 70213 12064 12021 12009 15555 15076

Trace chemieab . amcluded

Cad ppm 19.$ 27.4 10.4 7.2 6.59 5.2 2.9 4.95

Dy ppm 21.9 31.7 12.2 9.03 7.86. 7.13 3.27 5.60

Er ppm 13.6 20.0 7.4 6 4.53 3.6 1.7 3.40

Yb ppm 13 14.2 7.04 4.59 4.12 3.74 1.45 2.77

Lu ppm 1 2.66 1.03 .67 .64 .55 -- 36

Zr ppm 309 476 -- 114 _ 107 76

Hfppm il.6 17,9 6.33 3.9 4.1 4 "-- 2.1

Tit ppm .97 2.97 .34 .84 .9.1" All .46 .59

U ppm .254 .784 .13 .22 .26 .24 .13 .15

Ir ppb -- .02 .003 -- -- .08 .006 --

Re ppb _ -- .00IS .... 0013 --

Au ppb _ .72 .026 -- -- -- .139 --

Ni ppm 2.6 60 13 _ _ 52 42 11

Sb ppb -- -- .18 .... 67 --

Ge ppb -- -- 1.66 -- -- <41 8.$

Se ppb -- 215 176 -- -- -- 156 --

Te ppb -- _ 2.1 -- -- -- 3.4 --

All ppb -- 16 l.l -- -- -- 1.0 --

Bi ppb -- 1.15 .099 -- -- -- .089 --

Zn ppm _ 18 2.1 _ _ 1.8 .78

Cd ppb -- 68 1.8 -- -- 2.2 2.1 --

T! ppb -- 6.16 .16 -- -- -- .20 --

• The ranges of mineral compositions are shown in tables 3-IX and 3-X for

both the HTB's and LTB's. The differences in mineral compositions between

the two basalt types are most significant for the "['iOz content of the opaques.
The higher TiOz content in the FITB opaques reflects the presence of ar-
malcolite which is not found in the LTB's.

]3. Plutonic Rocks:

Occasional coarse-grain rocks have been returned from the Moon, and their
modal data and mineral chemistries are summarized in'_ables 3-XI and 3-XII.

The plagioclase in these rocks is very rich in anorthite (90 to 97 vol.%), the

olivine is very rich in forsterite (Fo_), and the pyroxenes are very mag-
nesium°rich (En/Fs > 9). Their chemistries are reported inT_ble 3-XIII. The
very plagioclase-rich specimens (15415 and 60025) are discussed as cataclastic
anorthosites in the section on breccias.
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TAaLE 3-1X.--R ange of Modal Mineralogy (vo/. % )

Composition High- 7"i basall$ Low- 77 basahs

Pyroxene 42 to 60 42 to 70

Olivine 0 |o 10 0 to 36

l_tlioclue lJ to 33 17 to 33

Opzques 10 IO 34 I IO I 1

Silica 0 to 6 0 to 5

Mesostasi.s 0 to 9 0 to 3

Vesicles and holes 0 to 10 0 IO 2

Others 0 tO 4. 0 to 2

TABLE 3-X.--Range$ of C71emical _rnpoxitions for Major Minerals (wz._)

Q

(a) Hllh.cicaaium basal£¢

J_/eoxcne O/i_v_ Plagioclase Opaques

.T_Oz 44.1 to 53.1 29.2 to 38.6 46.9 to 53.3 < 1.0

AhrOj 0.6 to 7.7 -- 28.9 to 34.5 0 to 2.0

TzOz 0.7 tO 6.0 -- -- 52.1 to 74.0

Cr_O+ 0 to 1.0 0.1 to 0.2 -- 0.4 to 2.2

leO 8.1 to 45.8 25.4 to 28.11 0.3 to !.4 14.9 to 45.7

MnO 0 to 0.7 0.2 to 0.3 -- <1.0

M|O i.7 to 22.8 33.5 to 36.5 0 to 0_1 0.7 to 8.6

£atO 3.7 to 20.7 0.2 to 0.3 14.3 to 18.6 < 1.0

Nt:O 0 to 0.2 -- 0.7 to 2.7 --

K_) -- -- 0 io 0.4 --

(b) Low-cttanilaw basalu

C21¢mical Pymxen¢ Olivine Plagioclaz¢ Opaques

.TaO_ 41:2 to 54.0 33.5 to 38.1 44.4 to 411.2 < 1.0

AhO: 0.6 io !1.9 -- 32.0 to 35.2 0.1 to 1.2

•'rio: 0.2 to 3.0 -- -- .50.7 to 53.9

Cr_O: 0 to 1-5 0.3 to 0.7 -- 0.2 to 0.8

FcO 13.1 to 45.,5 21.1 to 47.2 0.4 to 2.6 44.1 to 46.B

MnO 0 to 0.6 0.1 to 0.4 -- 0.3 to 0.5

MIO 0.3 to 26.3 111.5 to 39.2 0.1 to 1.2 0.1 to 2.3

C.aO 2.0 to 16.9 0 to 0.3 16.9 to 19.2 < 1.0

Na:,O 0 to 0.1 -- 0.4 to 1.3 --

K_rO -- -- 0 to 0.3 --
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c. Pyroclastic Materials:

Glass spheres are common in the lunar soils. Two peculiar concentrations

of these have been found: the green glass (sample 15426) and the orange glass
(sample 74220). Their analyses are recorded in'_ble 3-XHL

_,. Granite Glasses:

Glass fragments have been reported that are very high in Si02. Chemistries

range up to extremes like the composition shown in the following table.

"'Granite" Glass (ref 3-8)

Chemical Weight percent

SiO, 73. ! 2

"rio2 .50
AbOJ 12.37

CnO_ .35
FeO 3.49

MgO .t3
CaO 1.27

Na_O .61

K,O 5.91

It must be emphasized that these glass fragments are rare (< 1 percent by

weight of material), but are ubiquitous in that some examples are found in
almost every soil sample.

TABLE 3-Xl.--Modal Mineralogy of P/utonic Rocks (voL _)

Luaa, mineral $amole number--

15413 60025 72¢15 76535

Pyroxene .1 i 3 4 to 5

Pla|ioclase 9"/ 98 to 99 4 37 to 60

Olivine -- _ 93 3$ to 58
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TABLE 3-XII.mMinero/ Chemistries of Plutonic Rocks (wt. _)

(a) ..._mple 7_41J

CTmwi¢ll Platiocl_e low-Ca Hixh-Ca Olivine Cr-spmel Me_al
pj_pxene p3_oxene

SiO2 44.79 56.05 54.IJ 40.24 0.04 0.05
"I'_D_ <.01 .2g .II .02 1.05 <.01

AI_O_ 35.00 .96 1.22 < .0l 16.71

_O_ 1 .26 1.11 .04 51.81 .54
M IIO .23 32.29 18.40 47.65 10.60 .0 I
FeO .14 6.94 Z71 12.29 19.27 67.65
MnO 1 .15 .11 .13 .58 .02
CaO 19.25 2.24 22.50 .I 3 _ .01
Na_O .62 .01 .05 _ 1 I

K:O .09 .... - __
kO .0,1 .....

ZrOz .... < .01
V_Oj .... .37
Nb_rOj ..... 05
NiO -- -- 1 < .01 -- 30.42
Co ..... 1.42

Total 110.17 99.18 100.34 100.50 100.48 100.13

(b) .._n_le 76533 .

Oseenical PlazioclaJe Ollvine Lo_,.Ce Low-Ca Hixh-Ca O-_inel
pymx_e pymxe_ p.vroxene

SiO_ 44.21 40.30 $$.89 56.43 53.411 .14
•rioz .03 .01 .42 .27 .53 .78
ChOs l .02 .80 .72 .72 50.72
AlzOj 3.5.89 <.01 1.26 1.07 1.00 16.02
MIIO .07 47.96 3Z23 33.47 I g. I I 9.24
C.aO 19.60 .03 1.44 .66 23.44 --
FeO .I0 12.30 7.55 8.14 2.87 20.84
MnO -- .16 .17 .16 .06 .76
BaO < .01 .....

Na_C) .29 -- .02 .03 .02 --
K_O .05 .....

ZrOi ..... .06
V_3_ _ .... .72
NbxO, ..... < .0l

NiO -- <.01 ....

Total 100.25 100.78 99.78 i 00.9.5 100.23 99.29
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3. _Ee_cias

Meteorite impact is the dominant process affecting the physical nature of

• the lunar surface. The loose deposits produced by impacts constitute the
regolith. Those deposits that have been lithified (turned into rock) by impact
are called breccias.

Breccias display various physical and chemical properties. Physical proper-

ties are dependent upon the environment of the deposition, whereas chemical
properties reflect the average composition of the surface struck by the
meteori re.

Physical properties range from friable rocks with approximately one-third

pore spice to tough rocks with almost no pore space. Grain sizes may be "well
sorted" or "poorly sorted." Pore space may consist of micrometer-size cracks

and pshes to millimeter- or centimeter-size holes. Breccias may contain from

0 to 50 percent glass.

Impacts are effective mixers of target materials, and all deposi.ts from a
single impact have approximately the same composition. It is also true that all

impacts in a given region have approximately the same target composition.
Therefore, the breccias in the lunar highlands have compositions similar to

the lunar crust, whereas the breccias in the mare plains have compositions
similar to mare basalts.

Essentially, every sample returned from the lunar highlands during the

Apollo and Luna missions is a breccia. Approximately one-third of the sam-

pies returned from the mare plains are breccias, the remainder being basalts.

For this L'_.i_f"_, the following classification is used to distinguish rocks
with different physical and chemical properties:

Physical propertiex Chemical subgroup

Vitric-matrix

Light matrix
Cataclastic anorthosite

Crystalline matrix

Granulitic matrix

Mare -- High Ti
Mare -- Low Ti
KREEP

Anorthositic gabbro

KREEP

Anorthositic gabbro

Typical members of each group are described in this section. Major, minor,
and trace elements for a representative member of each subgroup are given in

"_ble 3-XV.

Before beginning the systematic descriptions, it is well to note that all lunar

samples, especially the breccias, are more-or-less fractured. Each sample has
through-going fractures that are commonly branched• In some cases (e.g., the

Apollo 14 breccias), these fractures are so abundant that the samples are domi-
nated by the fractures and the debris of the fracture zones.
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a. Vitric-MatrixBreccias:

Vitric.matrix breccias consist of an assemblage of"mineral, glass, and rock
fragments bound together by grain-to-grain sintering and by smaller glass frag-

merits that act as cement. Samples range from very friable to tough. These
rocks are very porous; they commonly have bulk densities between 2.0 and

3.0. Polished surfaces display a network oi" micrometer.size fractures and ir-

regular cavities whose abundance is an inverse ?'unction of the sample's den-
sity. The shapes of fragments vary from angular to subrounded. Size distribu-

tion of the fragments is such that as the size decreases, the abundance in.
creases. Detailed study of size distribution for lunar materials has not been ac-

complished. Similar suites oi" terrestr/al materials, however, l'ollow a log-log

TAaL_. 3-X K--Chemistry of"Srecc/oz

M_

I | ! |

I | I I
n 1t4_ r_ XRF, E,P Aameo _ £,Jw. £Rf..f.P A_.

I RJ4 10060 14047 _ 1_4J 410_J 14 JOJ MOI J l141J PI Z l J

47.6 40,0 4'1.2 45.2 45.5 4$J 41J 14_ 4S.I 4JJIU 1.5 I.? _Jl tJ ,OZ t..S 1.5 J .J

AI20 | 15..5 ItJ tiLl ,_&.l 2J.O _.2 16.2 17.2 ZI.? 27.7

p_O -- -1 .I .1 .16 .DO] ,2 2 .1 -2
] 12.4 17,? IOJ $,9 St J 10.4 9.1 4.1 4.6

MmO .2 .2 .I .06 .I .IDOl .t .1 .05 .06

MIO 1-3 7.7 8.9 6.4 9.6 +J 10.J 13.0 4J 6J

CJO iOJ 14..5 il4 15.1 I,I.0 19J 9.9 10.8 1@2 15.9

N*2O .7 .5 .7 .5 ., .J , ., +5 .5

K20 .5 .z .5 .l .I .1 .6 .1 .m .t

_o s ..s .1 _5 t -- -- ..6 J .o, .4
.is .Ol o4 -- _ _ _ _ _

T_ ql_.l lOLlS 99.'_I 100.29 qN.._ 100+4U 911.qi0 IQQI9 ML70 99.86

T,,_e r'_ats

l=i plato 18 ? .... )111.4 21.6 $,1 --

Itb _ -- 4 16 -- J.5 . I 2.5 6.57 1.9 --

Sr ppm -- IN IN -- 2.15 _1).6 I_10 177 140 --

it,. p,INm 120 _ 7110 140 ,_ 10 I..110 J$8 '70 --

b lq_ -- 24 N 12.6 19.4 .21 109 ]].4 kll 2.65

Ce _ I'/@1 62 2J5 35 41 +65 _0 84.9 16.3 6.1

Iq4t I_m 92 12 1031 -- _ .431 140 _1 9.g2 --

Sm _ 2L} 24 _1 I 9,17 .092 2,1 15.2 2.11 1.19

Eu I_m 2 ,IHI, 2 2.6 IJ 2.$5 I.OI 2.15 I.'t_, 1.13 +14

_1 _ -- 21 Jl -- 11.6 .0195 ,MI 18+9 ),.27 --

_t i_m -- 41 JJ -- 1_ .19 4] 19.9 .].62 --

E.r _ -- 20 19 -- ? .05 ]l 11.7 2+18 --

Yb _ 21.? _' I1 -- 6AI .N -- 10.Jl 2 I ..,_7

I_I + $+14 2 ] 0.7 .q_ .0056 |.5 I._ JJ ._4

Zz _ 6J0 510 710 -- J_ ._1 -- 507 12 --

Hfl_ .'0.4, IJ 17 5-2 II .02 _ 12.9 -- --

1"11 I_m IJ ] 12 $.2 J.2 -- 17.4 $..56 -- _

U imm ,I .t $.Z -- .1_ .1J$ $.15 I.% "AS --

It Iq_ -- -- I1._ 11.2 1.37 0057 10 ,I.41 4.51 21..)

te ImlJ -- -- 1.06 -- 064 0016 -- Jl$ 4)41 I/P0

Am m -- -- $.4 $.6 211 (]074 k? 11'9 2.65 8.27

l,,ri ppm -- '_0 -- J_l -- I+I 200 IJ$ 114 255

SIP Pl_ -- $ 2.1 -- I.} 0iS -- 102 $2 2+PI

I_II -- 1.400 -- +I 2 Jl_ 2..I _ IM 72 JJ

._ I_1) -- qo J_'O -- I 21.7 -- ?6 91 176

're ppb -- -- 15 -- J b,75 -- -- 12S 17

AS I_._ -- 10 11 -- l? J4 -- 102 48 115

Ili I)_ -- -- I I -- 21 .14, -- 22 4S i6

Z_ PI_ -- 2S ."0 21 $+J J.25 2.1 2.8 4 8 2..)

HI -- J@} 102 4_i II 5 -- J.2 2515 91

TI p,p4s -- -- I1 -- _6 I 76 -- 67 441 +1
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lawwitha--2 to --3 slope (i,e,, a decrease in size by a factor of 10 would be ac-

companied by an increase in abundance by a factor of between !00 and 1000).
Composition of the included mineral and rock fragments is similar to lhe

composition of analogous material in the surrounding regolith.
Vitric-matrix breccias may be considered as compacted and lithified

regolith, and there are no major chemical differences between local r_olith
and local vitric-matrix breccias. Vitric.matrix breccias have been referred to as

soil breccias, reBolith breccias, and glassy breccias. Vitric-matrix breccias even
contain enriched abundances of solar-wind.derived components such as the

noble gases, carbon, nitrogen, and hydrogen.
Vitric-matrix breccias are abundant on the lunar surface. All breccias

returned from the maria and approximately one-third of the breccias returned

from the highlands are vitric-matrix breccias.

b-Light-Matrix Breccias:

Light-matrix breccias are similar in texture and friability to the vitric.
matrix breccias except they lack glass fragments. They are but poorly bonded

aggregates of mineral and rock fragments that are cemented together by grain-
to-grain sintering. The light-matrix breccias may be thought of as "glass-free"

vitric-matrix breccias.

Light-matrix breccias occur in the lunar samples returned from the Apollo
14 and 16 sites only. From various indirect data, one may hypothesize that

light-matrix breccias make up approximately 10 or 15 percent of the lunar

highlands.

c. Cataclastic Anorthosites:

Cataclastic anorthosites are crushed rocks consisting of 50 to 99 percent

plagioclase feldspar. These samples are very friable.. They consist of angular

fragments of plagioclase, pyroxene, and olivine, bound together by tiny
amounts of glass or by grain-to-grain sintering. Fragment sizes vary from ap-

proximately a micrometer to several centimeters, and pore space ranges from

20 percent to essentially nil.
Mineral compositions for cataclastic anorthosite are given in'_'ble 3-XVI.

For the most part, minerals in these rocks are "pure," in that plagioclase

feldspar contains low amounts o/"iron and pyroxenes and olivines are Mg-rich
and Fe-poor. Many of the plagioclase feldspars contain submicron rods and

blebs of an opaque phase, probably Fe.metal of FeS,
Approximately two-thirds of the cataclastic anorthosites returned during

the Apollo Program contain more than 80 percent plagioclase. However, the

proportion of samples with this abundance of plagioclase varies from site to
site.
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TABLE.3-XVI.-- Chemical Composition of Minerals From Cataclas/i¢

A northositex (wt. _)

.%O_ 4].56 .35.59 $3.20 SI.2.5 SO.IS 0.0.1 0.01 0.01

T'_ .01 .01 .iS .21 .61 2.12 53.24 < .01
AhOj ,.lSAkl <.01 .72 ._ 130 lJ.14 <.01 --

_'aOj -- .OS J.1 .27 J7 41.M .J_l <.01

MIO .03 .10.11 24.)7 19.89 13.04 .1.01 3.27 <.01
FeO .17 _..51 19.72 24.49 11.91 .31.77 42.24 6,].J4

MnO -- .42 .35 .41 .J7 .74 .50 <,01

Card 20.00 .0.3 !.10 1.69 21.22 -- -- .OJ
II+0 " <.01 .......

Ns_) .2_ -- .01 <.01 .01 -- -- --

K_O .01 .......

Z,rOt ..... -.01 < .01 --

v_D ..... ..55 <.01 --

Nb2Oj ..... < .01 < .01 --

NiO -- .0J ..... < .01
Co ....... <.01

S ....... .17.76

Toud 99.98 100.12 100.15 99.00 99.911 100.17 99..9) 101.64

NOTE: Modal minetulOly, voi.% -- plaliOClam, lJ ptmmC olivirm. 16 IXU'c_m:,pyroxen¢. I percent; amd
ol_qucs. _ss thtn I Ixm'c'tm.

C,ataclastic anorthosites are rare at all landing sites. Approximately 5 per-
cent of the material returned from the highlands is in this category of material.

"c?,. Crystalline, Matrix Breccias:

Crystalline-matrix breccias consist of a fine,rain, uniform matrix with em-

bedded mineral and rock clasts. The matrix consists of interlocking crystals of

plagioclase feldspar, pyroxene, olivine, and ilmenite with sizes ranging from 1
to 100 micrometers. The interlocking of crystals in the matrix bonds the total

rock together. Most samples are tough with a low porosity (0.5 to 4 percent).

Pore spaces vary from 0.l millimeter to 10 centimeters; they may be spherical
or irregular cavities. Additional cavities, which are 5 to 50 micrometers in size

and polygonal in shape, occur interstitial to the crystals in some regions of the
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matrix. C|ULS range in size from 50 micrometers to tens of meters; they con-
sist of abundant plagioclase with less abundant olivine and even less abundant

pyroxene plus rocks.
Crystalline-matrix breccias are chemically equilibrated in that all crystals

and grains of a lpven mineral in each sample have approximately the same

composition. Thus, both matrix plagioclase and plagioclase clasts share the

same composition in each sample, and that composition is different for

different samples. Typical mineral compositions are given in table 3-XV]].
Crystalline-matrix breccias occur only in the highlands, where they com-

prise approximately 50 percent of the samples returned.

TABLE 3-XVII.--Chemical Composition and Modal Mineralog.y for Minerals

From Crystalline-Matrix Brecciax (wt. %)

(a ) Sample 14310: ¢ooner-lrain mafrLT wi#l f tw clo.w$

Omwr_ _ I,,m,.Ce Hi_-Cm Oli,,me _ Tmm_, _e_l C_._ M_ I_k

PA ....... 4J.I $ _ 0.44

SOy 46.6"/ 5.1.53 _11 37u, 0.21 -- -- -- $?.N w,.47
1",O: .02 .Ii0 IJ? .09 S4,16 .01 <.01 -- I.J2 1.._o

AJjO, 3,1.$1 .99 1.115 .02 <.01 -- -- -- :L:LI4 I7..._

Gr_O, -- .._ .14 .15 .,u .... 0.} ._
CoO 17.71 2.43 ILl( .It -- .01 OI 54..$4 $._ II.JO

MIO .09 U 17JMc IS.16 6-% 0.1 <.01 -- .76 12.46

FgO ,_ 15.42 1.65 2(k.24 .17.._ $$.17 g2.._11 -- 1.40 LdJ_"
)4*,0 -- .19 .21 ,.lr_l .46 -- -- -- <.01 .11

140 <.01 ........ _ .01

NhO 1,31 .1_ .17 -- -- ,--; -- _ .53 .'_1
I[,_0 .I.1 ....... ';.2! .12

..... OI .... or/ < .01

VjO: .... <.01 .... <.01

-- -- " -- -- .13 .... <.01
NX) -- -- -- < +01 -- 91 kW -- -- o?
Ca ..... < .01 .1,7 -- -- <.121

S ..... _.$2 < Ol -- < ,01 .09

F ....... 2.11 -- ._

Telil W.96 100..,11 Imil 100.i0 91J$ lOt.IS 9;II ICO.GO 111.2] 1G0.7.]

VoL% _ 25.4 S.9 lJ I .) O.I 0.0 0.9 1.0 Caicu_md
zle' 2.0 I+4 ,6 .l -] I 0 2 .2 (1.107

WI.II, _0.4 21.4 LS I0.] 2.0 2 +2 I0 I l_O_U)
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TASI.E 3-XWI._ Concluded

(b) Sample 72395, .fin_-train matrix with abamdanr dasu

._ S2J Sit SO.| 47.1 ag.& _1.4 u.O _10.9 63.0 76.8 JOJ
8dwOn ].44 1.58 I..15 .9S 2.81 1.91 ,114.1 JIO.O 18.9 I|.| J.04

l'aOo _ .&$ .19 .74 I J] 1.1_ .... 19 14.6

0_, .61 .q .J9 .08 1_1 Oa .....
FrO 11.2 I_l 19.8 ,14.1 IJJ 18,1 .08 J9 .2.5 JI6 .1SJ

MoO .21 .J8 .J3 .4? .._ .29 -- -- -- .04 ..16

MIO 28.4 24.8 20.J q.17 llk4 11.4 _ _ _ _ 3.16

ClO _ ,I.I I 5.07 S.74 14.0 16.4 19,1 14,5 .J_ .73 7,09

NhO .ID J:,11 .OZ .0a _q_ .I I .64 2.16 .qJO .114 .40

K_O ...... .M .7] 142 1J9 ..52

e. Granulitic-MatrixBreccia:

Granuliticbrecciasare metamorphosed rocks thatconsistof a crystalline

matrix and sparse mineral and rock clusts. These materials are tough, having
virtually no porosity. The rocks are bound by the interlocking minerals or"the

matrix. The matrix consists o1"plagioclase Feldspar and olivine and/or pyrox-

ene in crystals on the order of 50 micrometers in some samples and 200
micrometers in others.

Mineral compositions are the same for the matrix minerals as for the
minerals that appear as clasts. Table 3-XV[I[ gives the mineral chemistry for

some typical granulitic breccias.

Granulitic breccias are rare on the lunar surface. Only five large rocks
returned during the Apollo Program are granulitic breccias (four during

Apollo 17 and one during Apollo 16). However, rock clasts in other breccias
and fragments in the regolith that are granulitic breccias have been found at all

the landing sites. This suggests that granulitic breccias may be common, at
depths of a few kilometers throughout the highlands.
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TABLE 3-XVllI.-- Chemical Composition of Mineralx From Gronulitic-Matrix

Breccias ( wt. _ )

(a) ._a_i¢ 7701 7. ¢oo_¢r-grain matrix

r_
AI_

FIO

MaO

¢AO

K_o

|tl| 5,[21 Itll _.J.i! )i.4q u.II -- -- -- 4J.T6

I.II .H .10 .71 05 .04 0.2) 14.72 $).82 .44

2.06 ."/0 1.95 _ .00 ,)$,.50 i,2.92 8.27 .04 25.21

..Jl ..16 .'/'7 .4) .04 _ 4.02 $).00 31
9..?.5 _17 10,54 18.25 )).7) .|2 16.27 )9.6) 41.25 6.40

_ .20 .31 .)2 _ .lO ..15 .42

14.$5 _St I5.'14 21.i0 29.06 .OS 16.$7 4.25 4.,.ql 6.37

19,19 1.64 17.44 4.09 .18 19.46 -- _ -- 14.87

...... 14 .... OS

•r_i _.so io0,_ _.n _ HL7 100_ I_11 ,oo.u too.n 9_.4s

(b) ._¢1¢ 79215: fincv_Crain matter

Chemical PtLqfioclL_¢ Oli_ Low-Ca HiEh-Ca W_ol¢

pTroxene pymxen¢

_,0_ 64.4 J'ffJI 5,4.9 51.3 4)JI
T'K)_ -- .O6 .& 1.7 .3

A1_OI )$.4 .0) 1.0 2.4 27.?

F_O .5 2.5.0 14.9 '/.2 4.6

M_O -- .3 .2 .2 .06

MSO -- )7.4 2"/.5 It4 5..)

IL5 .I |.7 20.4 15.9

NhO .6 .0 .0 .1 ..5

• ,0 .2 .... 1

T_ml 99.6 100.7 lOLl IOOJ 95.5
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Propellant Production From Lunar Materials

i. Terrestrial Production

Propellant grade 02 is produced by well under-

stood air liquefaction techniques. While this simple

method will not be available on the moon, many of the

techniques and processes for liquefaction, transport

and storage of 02 will be of use in the design, fabri-

cation and operation of a lunar facility.

S ilanes can be prepared by the action of mineral

acids upon crude magnesium silicide, Mg2Si , that re-

sults from the reducti0n of silica by magnesium (Ref-

erence I). Strock reported hydrides corresponding

to one fourth of the silicon contained in the Mg2Si

were obtained in the proportions 40% SiH 4, 30% Si2H 6
15% Si3H8, 10% Si4HI0 , and the remainder as higher

hydrides (References 4, 5 and 6).

Note the Mg2Si produced from the reduction of S iO 2
with Mg is not pure Mg2Si. In addition to magnesium

and silicon, it contains oxygen, perhaps, apart from

true silicide, there are present magnesium oxide, mag-

nesium silicate, and "hyposilicates" that may play a

part in the production of the silicon hydride (Refer-
ence 6 ) .

Much better yields of Sill 4 are obtained by
Finholt's method, the reaction of lithium aluminum

hydride with silicon tetrachloride (References 7 and 8).

Unfortunately, this synthesis may be

SIC14 + LiAIH 4 = Sill 4 + LiCI + AICI 3

too complex for lunar application.

Silane has become an article of commerce in the

electronics industry as noted in Appendix A. Addi-

tional synthesis and production information of values

may be found.

2. Lunar Production

The production of 02 on the moon by the reduction

of lunar ilimenite with hydrogen has been considered
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(Reference 8). Based upon the

2 FeTiO3 + 2 H2 = 2 Fe + 2 H20 + 2 TiO 2

2 H20 + e = 2 H 2 + 02

occurrence of ilimenite (Table 2-VIII) high titanium

mare basalts may be considered as potential ores for

this mineral.

The production of 02 on the moon by the carbo-

thermal reduction of lunar pyroxene and olivine with

methane has been considered (Reference i0). Mare

basalts may be considered as

MgSiO 3 + 2 CH 4 = 2 CO + 4 H 2 + Si + MgO

2 CO + 6 H 2 = 2 CH 4 + 2 H20

2 H20 + e = 2 H 2 + 02

Mg2SiO 4 + 2 CH 4 = 2 CO + 4 H 2 + Si + 2 MgO

2 CO + 6 H 2 = 2 CH 4 + 2 H20

2 H20 + e = 2 H 2 + 02

potential ores for these minerals (Tables 2-II and 2-IV)

The carbothermal process, although more complex

than the simple reduction process, has several advantages

i.e., the minerals pyroxene and olivine are in much

greater abundance on the Moon than ilmenite (Table 2-I),

more of the 02 contained in the ore is converted to pro-

pellant, and the byproduct magnesium oxide may be used

to produce silane in combination with

2 MgO + e -- 2 Mg + 02

2 Mg + Si = Mg2Si

Mg2Si + 4 HCI = Sill 4 + 2 MgCl 2

higher silanes (References I, 4, 5 and 6) . Of course,
research and development would be required to maximize

the yield and purity of the SiH 4. This is' true of all

lunar processes. Mineral acid would have to be resup-

plied from earth.
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An integrated propellant production facility
can be considered which is based on the use of mare
basalts which are rich in pyroxene (enstatite, MgSiO3)
and/or olivine (forsterite, Mg2SiO4.) as indicated
in Figure 4. More detailed analysls of such a facility
is worthy of additional study.
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carbon dioxide

+ hydrogen

®

magnesium oxide,

silicon, etc.

®

higher silanes

magnesium+ silicid_ silanes

mineral acid _slag, etc

®

t
methane

/
water

@

I
hydrogen

oxygen

_ilane & oxygen

liquefaction

_ and storage

®

carbothermal reduction furnace

_ipeline gas catalytic tower

water electrolysis cell

magnesium oxide electrolysis cell

silane reactor and separator

@ propellant liquefaction (including purification and

analysis certification) and storage/transfer facility

Figure 4

The Integrated Lunar Production of

Oxygen and Silane is Feasible
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APPENDIX A

ADDITIONAL REFERENCES FOR SILANE:

PROPERTIES AND PRODUCTION
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TABLE 1

PROPERTIES OF SILANE, SiH 4

0_2

Melting Point, °C -185

Boiling Point, °C -112

-218

-183

Hfusion , cal/mol 159.5

Hvapor. , cal/mol 2982
Hformation, cal/mol 7800

Entropy AS, std. 48.7

Density liquid at -185°C,

Surface tension at -I12°C,

0.68 g/ml

15.11 dynes

Vapor Pressure

662.8
l°gl0P = T

+ 6.996 where p = mmHg
T = OK

Calculated p:

T p
OF °C mmH_

-256 -160 13.7 0.26

-220 -140 104. 2.0

-200 -129 255. 4.9

-181 -118 530. 10.3

-170 -112 760. 14.7

Critical Temperature, °C -3.5

Critical Pressure, psia 703.



TABLE 2

INTEGRATED SCHEME USING ILMENITE AND

IRON SILICIDE TO PRODUCE SILANE

2 FeTiO 3 + 2 H 2

2 Fe + Si

Fe2Si + 4 H20

2 Fe (OH) 2

2 H20 + 2 e

2 Fe + 2 TiO 2 + 2 H20
Fe2Si

SiH 4 + 2 Fe(OH)2

2 FeO + H20

2 H 2 + 02

2 FeTiO 3 + SiO2 + 3 H20 + 3e---_SiH4 + 2 TiO 2 + 2 FeO + 2 02

S iO 2 + 4 HF

2 H20 + 2 e

S iF 4 + 2 H 2

SiF 4 + 2 H20

2 H 2 + 02
Si + 4 HF

SiO 2 + e _ Si + 02
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INTRODUCTION

The use of lunar materials in support of space missions

has received considerable attention (1) • Elaborate flow dia-

grams have been developed that show integrated schemes for

producing a large number of elements and compounds from lunar

soil.

The present study has a more limited scope. It is con-

cerned with the lunar production of silane as a propellant for

transport of oxygen from the lunar surface to refuel stations

in Earth orbit. The oxygen will be produced from Ilmenite

(FeTiO3). Hydrogen will be transported from Earth for both

the silane production and for the reduction of Ilmenite. It

is desirable to eliminate or minimize the need to transport

any raw materials from Earth for the lunar production of silane.

Silanes are compounds containing a hydrogen-silicon bond.

The simple inorganic silanes are similar to carbon in that they

form stable, covalent, single bonds (2). The inorganic silanes

are analogous to the paraffin hydrocarbons in chemical formula

and physical properties.* Boiling points, melting points, and

dipole moments are comparable. Both silanes and hydrocarbons

are colorless gases or liquids at room temperature. The simi-

larity ends with the simple physical properties (2). Silane is

pyrophoric, igniting immediately on contact with oxygen.

Silanes have less thermal stability than their hydrocarbon

analogs. The C-H bond energy in methane is 414 kJ/mol (98.9

• The simplest silane is SiH 4, and is generally called silane,

but is also sometimes referred to as monosilane, silicon tetra-

hydride, and silicane.
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SUMMARY

A brief investigation of silane production on the lunar

surface has shown that a number of approaches are possible.

The silicides of magnesium and iron will react with mineral

acid or water to form silane. Most silane is made commercially

from the triclorosilane, HSiCI 3, by a number of processes.

It is recommended that an effort be made to determine more

details of commercially practiced silane technology and then to

evaluate the transferability to the lunar environment. Also,

consideration of the integration of the silane process with

other lunar operations, such as ilmenite reduction or HF acid-

leaching, should be considered.



kcal/mol) compared to 364 kJ/mol (87 kcal/mol) for each Si-H

bond in silane. Silane, however, is one of the most thermally

stable inorganic silanes. It decomposes at 500°C in the ab-

sence of catalytic surfaces. The thermal decomposition of the

silanes in the presence of hydrogen into silicon for production

of ultrapure, semiconductor-grade silicon is known as the Seimens

process.

PROPERTIES

Properties of silane are shown in Table i.

were obtained from several sources (l' 2, 3, 4).

pressure data were calculated from the equation shown.

These data

The vapor

PRODUCTION oF SILANE

Trichlorosilane (HSiCI 3) is the only inorganic silicon

hydride produced in large scale. Total U.S. production is ca.

30,000 metric tons (2). Silane production has been <i0 T/yr,

but Union Carbide has a new plant estimated at 100 T/yr. The

Union Carbide process is thought to be based on catalytic

d isproportionation reactions of chlorosilanes resulting from

the reaction of hydrogen, metallurgical silicon, and silicon

tetrachloride (5) :

Si + SiC14 + H2 cat. HSiCI 3 + byproducts

4 HSiC13 ca_.L_SiH4 + 3 SiCl 4 + byproducts

A proposed process is shown in Figure 1 (2) • Other common cata-

lysts in order of decreasing reactivity are halides of aluminum,



boron, zinc and iron (2).

High purity trichlorosilane is usually produced in a

fluidized bed at 300-450°C.

Si + 3 HCI SiHCI 3 + H2

Substantial amounts of silicon tetrachloride also form in the

process.

Inorganic silanes have traditionally been produced from

s ilicides. ( 1 )

Mg2Si + 4 HCL Sill 4 + 2 MgCI 2

A disadvantage to this reaction of acid with magnesium

silicide is the requirement of transport of the mineral acid

Under proper conditions, silicides will react withfrom earth.

water( 6 ):

Mg 2 + 4 H20 Sill4 + 2'Mg(OH)2

This would utilize water from the ilmenite process as the

hydrogen source. The magnesium hydroxide could be decomposed

by heat to recover water in order to prevent loss of hydrogen

and oxygen in the byproduct Mg(OH) 2. The overall reaction

would be :

Mg2S i + 2H20 SiH 4 + 2MgO

Since metallic iron is a byproduct of the ilmenite process,

the use of iron silicides would provide process integration.

Iron silicides can be produced by direct combination at high

temperature. These materials are produced in the metallurgical

industry by combining the elements in molten baths using elec-

tric furnaces. A number of iron silicides can be formed

(Fe5Si3, FeSi, FeSi 2, Fe2Si5, etc.) (7)- Thermodynamic



data indicate that FeSi formation is more favorable at 1000°K

than at 1600"K (I). References have been found to reactions

of iron silicides with acids or their ammonium salts to produce

silane(2). Mack (6) mentions the hydrolysis of magnesium

silicide to form silane. However, no references were found to

the hydrolysis reaction of any of the iron silicides.

An interesting reaction that might be worth investigating

is the direct hydrogenation of silicon chloride in the presence

of metallic aluminum(2):

3 SiCl 4 + 4 A1 + 6 H 2 _SiH 4 + 4 AICI 3

The recycling of the AICI 3 and the production of SiCl 4 could

possibly result in a closed cycle.

The use of an HF acid-leach process to recover lunar ele-

ments has been described (8). This process offers interesting

silicon chemistry because fluorine is the only element that

bonds more strongly with silicon than does oxygen. Thus, sili-

cates react with fluorides or HF to form volatile SiF 4, which

can be converted to silane by reaction with metal hydrides(1):

SiF 4 + LiH--e-Sill 4 + LiF

Lithium aluminum hydride is used to reduce chlorosila nes(2):

HSiCI 3 + LiAIH _ Sill4 +LiCl + AICI 3

The development of a closed cycle using the metal hydrides

that would be simple enough to use on the Moon does not appear

probable.

Table II contains a series of chemical reactions that show

an integrated approach to the production of silane and oxygen



from ilmenite, silicon dioxide, and water. Since the amount of

ilmenite used in the production of silane is only a fraction of

the total ilmenite converted in the oxygen process, the silane

process will not be used in a stand-alone manner. In practice,

water from the ilmenite process would be used with the silicide,

and the iron would be used to prepare the silicide. This form

of iron silicide forms an attractive reaction for the overall

integrated process. However, the reactivity in this scheme is

not known, for no information has been found in the literature.

The process shown for the conversion of silicon dioxide

to silicon uses the HF step and hydrogenation of the silicon

tetrafluoride. Some care must be taken because HF can attack

the silicon, thus lowering the yield (9). Other schemes may

be better for obtaining silicon for silicide production(7).

CONCLUSIONS

o The properties of silane, SiH 4, indicate that it could be

handled by cryogenic techniques and would be compatible with

liquid oxygen as a propellant.

o A cursory examination of the literature does not reveal an

obviously superior process for lunar production of silane.

o A number of processes would appear to be feasible for lunar

use.

RECOMMENDATIONS

i. Develop more complete details for the more commonly prac-

ticed processes for silane production. After details are



obtained, determine the practicability of using each process

at a lunar facility.

2. Investigate non-commercial reaction schemes from the literature.

It is quite possible that a process that is not economically

competitive on Earth may offer advantages for operations on

the Moon.

3. Integrate silane process with ilmenite and other potential

lunar processes.






